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Resumo 
 
O aquecimento global e as mudanças climáticas representam um desafio para as gerações 
futuras. O aumento da temperatura média e as variações de precipitação, bem como a maior 
incidência de eventos extremos como secas e ilhas de calor podem ocorrer com maior 
frequência e comprometer a produção e a geração de renda, principalmente para o setor rural. 
Este trabalho tem como objetivo analisar os impactos da precipitação e da temperatura na 
produção e na produtividade brasileira de leite bovino, a fim de explorar se os fatores 
meteorológicos podem favorecer as desigualdades territoriais na produção municipal do país. 
A análise empírica foi elaborada considerando os anos de 2006 e 2017, anos de referência do 
Censo Agropecuário Brasileiro produzido pelo Instituto Brasileiro de Geografia e Estatística, 
com dados a nível municipal. Os indicadores de temperatura e precipitação foram extraídos por 
medição de imagens de satélite. Para explorar a relação entre a produção de leite e os 
indicadores meteorológicos, foi aplicado primeiramente um método de regressão de Mínimos 
Quadrados Ordinários em diferentes modelos, a fim de verificar o melhor ajuste das variáveis 
de precipitação e temperatura na função de produção de leite, onde o melhor resultado foi 
alcançado considerando as variáveis independentes de médias de temperatura e total de 
precipitação, bem como seus desvios-padrão, para o verão e o inverno. Em segundo lugar, um 
método de regressão quantílica foi aplicado para analisar as diferenças nos efeitos 
meteorológicos entre os municípios com maior e menor produção de leite. Os resultados foram 
estatisticamente significantes e apresentaram temperatura média e precipitação total no verão 
como positivas para a produção de leite, ocorrendo o contrário para essas variáveis no inverno. 
Os desvios-padrão foram positivos para a precipitação no verão e no inverno, bem como para 
a temperatura no inverno. A estimativa dos desvios-padrão da temperatura no verão foi negativa 
em relação à produção de leite, mas com menor significância estatística. Além disso, o modelo 
mostrou maior impacto das variáveis meteorológicas nos municípios com menores níveis de 
produção de leite em relação às localidades com grande quantidade de leite produzido. 
 
Palavras-chave: Brasil, setor leiteiro, desigualdades, precipitação, temperatura 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
Abstract 
 
 
Global warming and climate changes represent a real challenge for future generations. Increases 
in average temperature and variations of precipitation, as well as higher incidences of extreme 
events such as droughts and heat islands, may be more frequent, and compromise production 
and income generation, especially for the rural sector. This work aims to analyze the impacts 
of precipitation and temperature on Brazilian cattle milk production and productivity, in order 
to explore whether meteorological factors could favor territorial inequalities among municipal 
production in the country. The empirical analysis was elaborated for 2006 and 2017, reference 
years of the Brazilian Agricultural Census produced by the Brazilian Institute of Geography 
and Statistics, with data at the municipal level. Temperature and precipitation indicators were 
extracted by satellite imagery measurement. To explore the relationship between milk 
production and meteorological indicators, firstly, the Ordinary Least Square regression method 
was applied on different models in order to verify the best fit of precipitation and temperature 
variables in the milk production function. The best one adopted the temperature means and 
precipitation sums, as their standard deviations, as independent variables, for summer and 
winter. Secondly, a quantile regression method was applied to analyze differences in 
meteorological effects between small and large milk producer’s municipalities. The results 
were statistically significant and presented summer mean temperature and total precipitation as 
positive for milk production, the opposite occurring for winter values. Standard deviations were 
positive for summer and winter precipitation, as winter temperature. Estimate on summer 
temperature standard deviations were negative related to milk production but less statistically 
significant. Also, the model showed a higher impact of meteorological variables on 
municipalities with lower levels of milk production relative to localities with large amount of 
milk produced.  
 
Keywords: Brazil, dairy sector, inequalities, precipitation, temperature 
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Introduction 
 
 Global climate evidences unprecedented changes in the XXI century. The 
planet’s average surface temperature has risen in about 0,9 ºC from the late 19th century to the 
present, with a faster pace of increase over the past 35 years1. Five of the warmest years since 
the Industrial Revolution occurred after 2010, with the highest average temperature recorded in 
2016. 
 Earth’s water reservoirs and water cycles has been affected too. Oceans are 
absorbing heat2, sea levels are rising in an accelerated rate and oceans acidification are 
increasing3. From 1993 to 2016, Greenland lost in average 286 billion tons of ice per year, 
Antarctica lost around 127 billion tons in the same period4, glaciers are shrinking around the 
world and snow cover are decreasing. Moreover, extreme precipitation events such as droughts 
and intense rainfall have been more frequent.  
 These climate shifts are already impacting food security, income generation, 
livelihood and influencing migration decisions (McLeman 2019; Boas et al. 2019). Agricultural 
production, especially for smallholders in developing countries, represent hotspots of global 
warming trends and extreme climate events deterioration effects, due to its possible lack of 
capital and coping possibilities.   
The conjunction between climate impacts and lack of adaptation capacity in rural 
areas could compromise not only the livelihood of people in these territories, but also food 
security for rural and urban regions, besides other complications5. One of these hotspots of 
climate change is the livestock sector. Is estimated that from all people that depending on 
farming for livelihood, about 60% owns livestock (Gitz et al. 2016). Worldwide, around 735,9 
million people were living in 2015 on less than US$ 1,90 a day, the majority in rural areas6. 
 
1 Data from NASA’s Goddard Institute for Space Studies (GISS): https://climate.nasa.gov/vital-signs/global-
temperature/. 
2 The top 700 meters of ocean warmed up by more than 0,4 Fahrenheit since 1969 ( https://climate.nasa.gov/vital-
signs/global-temperature/). 
3 Sea level rose by 20,3 cm in 20th century, and the acidity of the ocean’s surface increased in 30% since beginning 
of the Industrial Revolution ( https://climate.nasa.gov/vital-signs/global-temperature/). 
4 NASA's Gravity Recovery and Climate Experiment (https://www.jpl.nasa.gov/news/news.php?feature=7159). 
5 For a scenario about the relations between climate change and food security, see FAO (2016).  
6 World Bank Press Release on 12/2019:                                  
https://www.worldbank.org/en/news/press-release/2018/09/19/decline-of-global-extreme-poverty-continues-but-
has-slowed-world-bank. 
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About half of these people depend on livestock production for your livelihood (FAO, GDP, and 
IFCN 2018).  
Among livestock production possibilities, dairy represents a complex yet also a 
significant activity for food security and income generation, especially for smallholders. 
According to FAO7, smallholder producers are responsible for 80% of global milk production, 
commonly organized as family producers, with small herds and yields. Beyond the livelihood 
of poor rural groups, smallholder dairy production also plays an important role in milk supply 
for an increasing world population.  
The majority of household milk farms are located in developing countries. In 2018, 
it was estimated to be approximately 112 million dairy farms worldwide, with 73 million of 
them located in South Asia, 16 million in Europe and Central Asia, 13 million in Sub-Saharan 
Africa, and 2,9 million in Latin America and the Caribbean. The world average dairy herd 
consists of 3 adult cattle or buffalo by farm, with regional variations – while in Asia and Sub-
Saharan Africa, the mean herd goes from 2 to 4 animals, in Latin America and the Caribbean 
this number increase to 15, and in high-income countries to 42 and over animals by farm (FAO, 
GDP, and IFCN 2018). 
Developing countries presented a lower productivity of milk per animal when 
compared to developed ones. Between 2010 and 2017, developed countries increased yields 
from 4,6 tons of milk per animal to 4,89 and developing ones expanded from 0,61 to 0,728. This 
difference could be due to several factors such as more efficient animal breeds, more precise 
statistical methods for breeding, better feed quality which fulfills animal nutrition necessities, 
diseases controls and access to vaccines and drugs, infrastructure, machinery and labor 
technical capacity, and so forth (Thornton 2010).  
Nevertheless, all these investment decisions and milk production capacity are 
conditioned to the climate context where production occurs. Changes in temperature, 
precipitation, relative humidity and extreme events occurrences could influence and even 
compromise dairy production, by affecting for example the animal thermal comfort zone, the 
incidence of diseases, food production and water availability, just to name a few.  
 In face of a low number of animals per farm, fragile income and low capital 
reserves, lack of participation on credit and financial systems and poorer access to capital and 
 
7 Source: http://www.fao.org/dairy-production-products/socio-economics/smallholders-in-the-value-chain/en/.  
8 Data source: OECD-FAO Agricultural Outlook (https://www.oecd-ilibrary.org/agriculture-and-food/data/oecd-
agriculture-statistics/oecd-fao-agricultural-outlook-edition-2019_eed409b4-
en?parentId=http%3A%2F%2Finstance.metastore.ingenta.com%2Fcontent%2Fcollection%2Fagr-data-en). 
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knowledge, smallholder milk farmers in developing countries can suffer a higher impact of 
unfavorable climate contexts for milk production. This may compromise their living conditions, 
the milk supply and their participation in this production sector.  
Given the aforementioned contextualization, the present research analyzes whether 
temperature and precipitation trends and variations in 2006 and 2017 unevenly impacted milk 
production in Brazil, considering the production and productivity of its municipalities. The 
hypothesis is that these meteorological variables could induce a higher concentration of milk 
production in the country, given a possible bigger climate impact on municipalities with lower 
levels of production and productivity, given the possibility of poorer access to coping 
instruments, especially in lower-income regions. 
Cattle milk production in Brazil is characterized by the heterogeneity of producers 
in terms of quantity of production, quality of milk and productivity. This is particularly 
observed since the 1990s, when national milk sector chain went through transition processes 
towards a higher modernization, liberalization, and concentration of producers and 
transformation industry, in comparison to previous years (Carvalho 2010). 
Despite milk production concentration, this sector in Brazil is also represented by a 
large incidence of smallholder production spread all over the country. Food security and milk 
production in Brazil is highly sustained by family producers, and in some parts of the country, 
particularly in semiarid regions, these producers are more vulnerable to climate effects in their 
livelihood (Burney et al. 2014). 
For empirical analysis, firstly, the Ordinary Last Squares (OLS) method for models 
with different temperature and precipitation indicator combinations was adopted for an 
investigation of climate effects on milk production and yields. Secondly, a quantile regression 
method was applied in order to explore whether the selected climate indicators impacted 
unequally different levels of production.  
Considering the cattle milk sector indicators for the model, the preferred data source 
used was the agricultural census made by the Brazilian Institute of Geography and Statistics 
(IBGE), in order to extract socioeconomic information about farms and producers. Since these 
censuses are produced every ten years, empirical analysis was limited to 2006 and 2017 - years 
after 2000 when census was applied -, instead of contemplating a larger and continuous time 
interval.  
Climate indicators were extracted by remote sensing analysis only for these years 
of reference. Precipitation and temperature indicators were considered relevant climatic factors 
for milk production efficiency. All data was collected at municipal level. The study contributes 
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to the discussion by considering the analysis in a country level, with a significant amount of 
data which include all Brazilian municipalities. In a systematic approach, it aims to reinforce 
the importance of considering weather and climate factors in the decisions of investments and 
policy with regards to the Brazilian cattle milk production sector.  
The present work is structured in five sessions. The first one consists of a literature 
review on how climate can affect milk production and adaptation possibilities. The second one 
describes the central aspects of the milk sector in Brazil. In third session, the methodology for 
climate data extraction and analysis is briefly explained. The fourth session presents the model 
analysis and results. Lastly, in the fifth session, there are some final considerations. 
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Section 1. Climate change impacts on dairy production: revision of literature 
1.1. Introduction 
Livestock production is considered one of the major climate change concerns, given 
its impacts on the environment and greenhouse gas emissions (FAO 2013). Conversely, climate 
trends such as global warming, rainfall variation, extreme events (floods, droughts etc.) could 
also cause complications and even compromise livestock production chain, which affects the 
increasing product demand and producer’s income.  
Livestock production represents 40% of global agricultural output, sustaining the 
demand and food security of around 1,3 billion of a growing population, according to the Food 
and Agriculture Organization of the United Nations (FAO)9. In the milk sector, more than 750 
million people organized in almost 150 million farm households are engaged in production, the 
majority of them as smallholders in developing countries (FAO, GDP, and IFCN 2018)10.  
Since smallholders tend to be more vulnerable to climate changes given their lack 
of resources to deal with impacts, researches which aim at analyzing climate effects on milk 
production and instruments of adaptation could support the maintenance or even improvement 
of food security and income for the population involved in this sector (Gauly et al. 2013). This 
session presents a literature review of climate change impacts and adaptation on dairy 
production, focused on smallholder producers.  
1.2. Climate change impacts on dairy production 
Climate changes expressions, such as increases in temperature, changes in relative 
humidity, rainfall variations and occurrences of extreme events, can influence the dairy 
production and cow’s productivity, both directly affecting the health of the animal and 
indirectly by changing the environment where production occurs.  
In direct terms, one of the major concerns for the animal health status is the increase 
of heat stress, which can affect its well-being, yield, fertility and even mortality rate (West 
2003). Furthermore, climate trend influence factors like feed and forage production, disease 
vectors and occurrences, water availability, production hygiene, all of which affect cattle 
performance and, consequently, the producer’s income (Gauly et al. 2013; van der Spiegel, van 
der Fels-Klerx, and Marvin 2012; Thornton et al. 2009).  
 
9 Source of data: http://www.fao.org/animal-production/en/. 
10 In developing countries, is estimated that 80% to 90% of milk production occurs in small-scale farming systems. 
Source: http://www.fao.org/dairy-production-products/production/production-systems/en/.  
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1.2.1. Heat stress and its effects on cattle health status  
Heat stress in cattle can be understood as the lack of animal’s capacity to dissipate 
enough heat – caused by external climate conditions –, in order to maintain its balance thermal 
body temperature (West 2003). A thermal comfort zone is represented by the ambient 
temperature range that is beneficial to physiological functions of the animal (Rojas-Downing 
et al. 2017).  
For dairy cows, this range of air temperature for optimum performance varies 
according to species type. In a literature review, Sirohi and Michaelowa (2007) denoted a range 
estimated to be between 5 and 15°C for adult cattle, although expressive impacts in 
physiological processes would not be significant in the range of 5 and 25°C 11. In the livestock 
sector, cattle are more sensitive to global warming than other animals and have a narrow range 
to naturally maintain its body temperature, around ±0,5°C beyond thermal comfort zone (Sirohi 
and Michaelowa 2007; Henry et al. 2012).  
Cattle’s vulnerability to heat stress would be determined by species, genetics, 
nutritional status, life stage and climatic conditions, in particular temperature and humidity 
(Thornton et al. 2009). As the temperature increases, the animal balances the difference between 
external and internal thermal conditions by sweating and panting, in order to maintain its 
thermal balance and physiological functions. Global warming trends – and incidence of 
heatwaves –, combined with increases in relative humidity, can represent a barrier to this natural 
system by blocking the convection, conduction, radiation and evaporation processes for the 
animal’s heat dissipation (West 2003).  
Heat stress affects the metabolism of cattle and, consequently, their milk production 
yields in several ways. Such circumstance can lead to less feed intake by the animal in order to 
reduce metabolic heat production, which in turn induces to sub nutritional conditions and less 
weight gain (Gauly et al. 2013). Moreover, it can change its metabolic rate, liver functionality, 
endocrine status, oxidative status, and so forth (Nardone et al. 2010). It can compromise 
reproduction efficiency and fertility (Rojas-Downing et al. 2017) and, in extreme cases with no 
adaptation measures, heat stress could lead to mortality increase in cattle.  
 These effects could be worse in high productivity cows, which tend to have a more 
intense heat production (Gauly et al. 2013), and can impact more in upper latitude regions, as 
global warming and heat waves represent changes for animals not very used to high 
temperatures (Thornton et al. 2009).  
 
11 West (2003) pointed out researches for lactating dairy cows to have a thermal comfort zone between -0.5 °C 
and 20°C, with critical levels of temperature between 25°C and 26°C. For more information, see McDowell (1972). 
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The incidence of heat stress is more challenging in geographical areas with a 
longer summer season, where the animal’s exposure to radiant solar energy and higher humidity 
its more frequent, like in the southern US and in Brazil. Northern territories such as Canada, 
the north part of US and some places in Europe are also not excluded from the issue, once it 
has been observed an increase in the number of days which the Temperature-Humidity Index – 
an index to measure heat stress conditions – are higher than 72, the considered comfort 
threshold (Polsky and von Keyserlingk 2017).  
St-Pierre, Cobanov, and Schnitkey (2003) estimated the production losses in dairy 
cows due to heat stress in US states. Louisiana was the state which presented the highest value, 
2.072 kg/cow per year. In Florida, for instance, around 50% of all annual hours represented 
temperature and humidity conditions that could lead to the animal heat stress in the absence of 
measures to reduce such stress. Other states severely affected were Alabama, Texas, and 
Mississippi. At US national level, dairy cows were exposed to conditions of heat stress in 14,1% 
of annual hours. Estimations considering all livestock brought losses of US$ 2.4 billion 
annually due to heat stress without heat abatement.  
Van Garderen (2011) points out that air temperature projections exceeding 30°C 
from 2011 to 2070 for southern Africa in summer months, especially for the northern interior, 
the Northern Cape Province of South Africa, in the border with Namibia and Botswana, puts 
cattle farm at risk due to heat stress incidences.  
Belsare and Pandey (2008) denotes that, in India, summer temperatures could 
reach more than 40°C. The combination of high temperatures and higher frequency of less 
resistant crossbreeding of traditional and non-local cows could lead to a reduction in around 
50% of milk production in the summer seasons.  
Some coping measures for heat stress conditions are: making nutritional 
adjustments, for instance, changing in the feed schedule to cooler periods with a bigger feed 
intake; providing cooling drinking water and increasing its consumption;  providing more 
shades for the animal such as trees or human-made ones, creating system of cooling the animal 
with ventilation or water vapor, to name a few (West 2003).   
1.2.2. Indirect effects:  
Fodder production and quality  
Livestock feed quantity and quality are one of the central indirect effects of climate 
changes in dairy production. Increases of atmospheric CO2 concentrations, temperature and 
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rainfall, floods and droughts can impact feed crops production and quality (Thornton et al. 
2009).  
Considering that these climate elements occur simultaneously, the effects of each 
on the grassland systems, as well as feed quantity and quality, are interdependent of the others. 
Gauly et al. (2013) summarized the possible impacts of climate change elements in both 
grassland systems productivity and herbage quality. Prolonged growth periods can be positive 
for grassland production and fodder quantity when considering slight increases in temperature 
and atmospheric CO2 concentrations. However, this influence depends on water availability for 
plants and soil humidity – a lack of water availability could lead to younger maturation.  
 A higher CO2 concentration in the atmosphere could improve growth by reducing 
water loss from transpiration and increasing water use efficiency, when considering this effect 
isolated from other environment changes (Rötter and Van De Geijn 1999). When combined 
with rise in temperatures, this can influence the optimal growth rates of species and, thus, 
pasture composition. Still, the direction of changes depends on seasonal shifts of water 
availability (Rojas-Downing et al. 2017).  
Extreme rainfall conditions like floods can decrease the total yield of forage by 
affecting the form and structure of plant’s roots, as well as the leaf growth rate. During droughts, 
growth and digestibility responses among grass species present differences (Gauly et al. 2013), 
but long dry season explosion decreases forage quality, growth and biodiversity (Rojas-
Downing et al. 2017). In general, a strong relationship between a long dry season and animal 
death can also be found, showing the importance of considering changing variances of the 
system (Thornton et al. 2009). 
Furthermore, the impacts of climate change on the grassland system varies with 
location. Slight increases in temperature and atmospheric CO2 concentrations could cause 
positive effects in higher latitudes or humid temperate regions, while causing negative impacts 
in warm, arid and semiarid regions (Thornton et al. 2009).  
The production system that uses pasture as predominant source of food, such as in 
New Zealand and temperate areas of Australia, presents cost advantages over productions 
where animals are mainly housed and feed with concentrates, but are also more vulnerable to 
climate fluctuations.  Kalaugher (2015) denotes, in a literature revision, that there are still 
uncertainties about the overall impacts of climate variations on pasture in New Zealand and 
Australia, despite some indications of expected negative effects in autumn and in summer for 
some New Zealand east coast territories, and positive effects in winter and spring due to 
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increasing CO2 effects. In addition, it considered that impacts could be location-specific, with 
a large variability of scenarios in each territory.  
In a study about Brazilian semiarid regions efficient milk production systems, Cezar 
et. al. (2016) point out the importance of choosing the type of plant for pasture that is more 
resistant to dry weather, and the usage of forage palm as good complementation in terms of the 
animal’s water and carbohydrates provision. Gori Maia et al. (2018) estimate, for the Brazilian 
semiarid region, a low or even negative impact of pasture areas on milk yields, indicating that 
intensive production techniques, relying more on forage areas and effective rotations of feed 
production, could be more effective for milk production in that territory.  
 
Water availability 
Besides the necessities for feed production, water availability may influence the 
livestock sector by not filling the animal drinking needs and limiting production processes 
which depend on this resource. On average, the agriculture sector uses 70% of global freshwater 
withdrawals (FAO 2017), in a context of climate changes and possible increased necessities in 
the future.   
For livestock, it is estimated that this sector uses approximately 10% of annual 
global water flows (FAO 2018a).  Each liter of milk produced by a cow corresponds 
approximately to three liters of water necessities of the animal consumption. High-performance 
cows may need up to 150 liters of water per day (FAO 2018a).  
All these demands are expected to increase in face of a growing world population12 
and food security maintenance, spreading of irrigation processes for agriculture and global 
warming. Therefore, water availability and competition for water access are important issues 
for future.  
Nardone et al. (2010) also point out the risks of water salination and contamination 
with biological contaminants, chemicals and heavy metals for the cattle health under global 
warming, and the future necessities of producers to focus on livestock systems with crops and 
animals that demand less water.   
In the Brazilian semiarid region, there are indications of potential increases in 
hydrological deficit, due to possible reduction in rainfall, increases in evaporation and more 
frequent droughts, leading to a reduction in surface water availability (Simões et al. 2010; 
 
12 It is expected an increase in world population up to 10 billion by 2050 (FAO 2018). 
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Burney et al. 2014; Cuadra, Assad, and Angelotti 2018). This progressively puts into challenge 
the dairy and agricultural production in that territory.  
Lunde and Lindtjørn (2013) pointed out that most of the cattle in Africa are located 
in arid and semiarid regions. Many of the African production systems have ponds and rivers as 
a source of water in wet seasons and with higher temperatures demands for water increases. 
Precipitation levels represent a key factor to support livestock and milk production in Africa, 
in a scenario of temperature increases and changes in precipitation intensity.  
 
Diseases and cattle health  
Not only does climate affect the health of the cattle by heat stress, but it can also 
present effects on the incidence of infectious diseases as well. Higher temperatures and moist 
conditions may increase the rate of certain pathogens and parasites, while others more sensitive 
to these conditions could decrease or disappear in cold or dry regions. In addition, changes in 
winds patterns can affect the spread of pathogens and vectors of diseases (van der Spiegel, van 
der Fels-Klerx, and Marvin 2012; Sirohi and Michaelowa 2007).  
Changing climate conditions could be responsible for the exposure of cattle to 
diseases that they were not used to. Heat stress, exposure to cold weather, droughts, floods and 
increase humidity can predispose cattle to bacterial syndromes, for instance (Tirado et al. 2010). 
To deal with excessive heat, cattle can be moved to shaded areas that they were not used to stay 
in, hence increasing the opportunity for higher transmissions. Moreover, changes in grazing 
patterns can lead to a greater exposure of the cattle to wildlife and disease vectors (Tirado et al. 
2010). 
Besides pathogens and parasites, climate change can also affect vectors of diseases, 
namely flies, mosquitoes, ticks, midges, and so forth (van der Spiegel, van der Fels-Klerx, and 
Marvin 2012; Wittmann and Baylis 2000). Variations of rainfall and temperature may change 
the range, seasonality and incidence of vector-borne diseases – that respond rapidly to climate 
variations – and macro-parasites, feeding frequency of arthropod-vectors, and also could bring 
new modalities of diseases transmissions. Temperate countries will be especially vulnerable to 
invasions of arthropod-born virus and micro-parasites (Tirado et al. 2010; FAO 2008). 
Lunde and Lindtjørn (2013), in a study of climate influences on the number of cows 
in Africa, denote that its variations are not only direct consequences of temperature and 
precipitation impacts on the animal’s ways of surviving, but also influenced by the incidence 
of diseases due to this climate changes. While higher temperatures could bring down the tsetse 
vector populations and incidence of trypanosomiasis, higher precipitations could be favorable 
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for the black quarter bacterial diseases in Nigeria. In the eastern part of Africa, climate 
variations could be related to the development of the Theileria parasite, and the survival and 
reproductive success of the tick Rhipicephalis appendiculatus.  
Guis et al. (2012) estimated that climate changes could be related, at least partially, 
to the incidence of Blue Tongue disease (BT) in Europe. BT is an insect born viral disease that 
affect ruminants, ans is transmitted by biting midges such as Culicoides ssp. Despite more 
consolidated in other continents, outbreaks have been observed in Europe since 1998, affecting 
the life of millions of ruminants. The study points out that precipitation and temperature trends 
could be related to incidences of the vector in the south and northern parts of the continent.  
Another example is found in Sirohi and Michaelowa (2007), which point out 
researches from India relating temperature, humidity and rainfall as factors that explain 52% to 
84% of variations in the seasonality of the viral disease known as Foot and Mouth disease in 
the territories of Andhra and Maharashtra states. This disease outbreak is also related to mass 
animal movements and influenced by climate factors.   
 
Biodiversity 
Global warming and climate variations are one of the main threats to existing 
biodiversity on Earth. Based on Thomas et al. (2004), estimations of mid-range climate 
scenarios for 2050, which used sample regions which cover 20% of Earth’s terrestrial surface, 
climate change could cause the extinction of 15% to 37% of species in the world. This risk can 
affect cattle breeding diversity and hinder milk yields in the future.  
In developed countries, livestock industries are highly specialized, and production 
is dominated by a small number of breeds, in which 20% to 28% of mammalians species were 
estimated to be at risk. For developing countries, despite lower mammalian’s species risk (7% 
to 10%), 60% to 70% of the species are classified as being of unknown risk (Thornton et al. 
2009).  
Such livestock vulnerability and extinctions risks are, in part, due to production 
practices focused on yields and economic returns, and low attention to traditional production 
systems, in which other considerations such resistance to climatic conditions are taken into 
account (Rojas-Downing et al. 2017; Thornton et al. 2009). Sirohi and Michaelowa (2007) 
pointed out the importance of genetic conservation of cattle species for adaptation to climate 
changes by genetic selection and breeding of more heat resistant cows as an alternative for 
developing countries adaptation measures.  
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1.3. Climate adaptation strategies for livestock and dairy production  
Adaptation measures to heat effects on cattle welfare ranges from immediate 
intense heat load reliefs to infrastructures and technology to sustain the thermal comfort zone 
of the animal. In order to improve the processes of convection, conduction, radiation and 
evaporation for heat dissipation, one strategy is the incorporation of fans and water in the 
production to cool the animals.  
Fans installations, which increase air movement and convection, and high-pressure 
mist injections into fans or low-pressure sprinklers systems for water droplets are processes that 
can decrease animal heat (Polsky and von Keyserlingk 2017). One central issue in this 
adaptation measure is the water demand for cooling the animal, which could impose a limitation 
for places with restricted water sources or big herds. This, in itself, also contributes to the 
aggravation of climate conditions and availability of water for other usages in the production 
process. The authors call attention to the role of location chosen for dairy farms. For instance, 
much of dairy production from United States has moved to California and the Southwest, 
territories where temperature is rising and with water offer limitations, which can affect 
production in long term.  
Similarly, Polsky and von Keyserlingk (2017) denoted that direct contact with 
water could cause changes and stress in cattle behavior since they naturally seem to prefer 
shades as a way of heat relief.  Physical structures such as trees, roofs, shelters and barns can 
represent an alternative adaptation measure to water usage – taking into consideration that dairy 
cattle show distinct preferences to structure shapes, varying according to the environment. 
 In that sense, Sirohi, Sirohi, and Pandey (2010), in a study of Indian smallholder 
cattle producers, point out that shades created by tree and shelters are viable and, in fact, good 
measures for smallholders to protect cattle from heat, once sprinklers, misters and evaporative 
cooling foggers – technologies with water use for cooling purposes – are, in general, not 
available for small producers.  
Alternatives to the extensive use of water showers could be the water wallowing on 
the animal for 15 to 20 minutes before milking. Trees are effective alternatives with low costs, 
since shelters made with local materials such as bamboos and rice straws thatch – despite 
sometimes more effective in heat relief – presents low life duration and higher maintenance 
demands (York et al. 2017). Pires and Campos (2004) also present other alternatives to reduce 
thermal stress, like keeping the cattle stalls clean of manure and garbage to control the excess 
of flies and prioritize cooling the animal in the waiting corral and milking parlor.  
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Moreover, feed improvements and adjustments in a scenario of climate changes can 
improve the animal’s intake, reduce excessive heat load, reduce malnutrition, mortality rate and 
feed insecurities in moments of extreme weather events (Rojas-Downing et al. 2017). The 
increase of dry matter intake could be a central goal in feed adaptation, once the increase in 
temperatures reduces the cattle feed intake. Therefore, improvements in feed quality, good 
nutrient balances and density, in addition to more frequent feeding in cooler moments of the 
day are possible measures of adaptation (Sirohi, Sirohi, and Pandey 2010). Ferreira et al. (2017), 
based on Brazilian dairy production in the Cerrado biome, denote that cattle fed exclusively by 
pasture, rich in fiber, tend to produce more heat to digest. Thus, in the context of heat stress, it 
is important to adapt the nutritional balance with more tender pastures and grain silage, as well 
as minerals and high proportions of water in drinking fountains close to natural or artificial 
shades.  
Measures such as the development of irrigated pasture, increase in vegetation cover 
area, restorations of degraded pasture, constant conservative stock of pasture, and rehabilitation 
of water supply for pastures can improve the quality and quantity of feeds (Escarcha, Lassa, 
and Zander 2018). Henry, Eckard, and Beauchemin (2018) show the importance of mixing grass 
species for production of forage to dwindle risks in places with both warm and cold seasons.  
Smallholder farmers could have smaller and more productive herds to increase 
yields and save costs. For water management, they could use rainfall storage such as surface 
and underground dams, and tanks connected to house roofs, localized irrigation such as drips 
and sprinkler irrigation for feed crops. The later represents a better use of water resources (IFAD 
2008). 
Cezar et al. (2016), in a manual for milk producer’s orientation in the Brazilian 
semiarid region, emphasize the role of adequate quantity and quality of water. This last factor 
is also import in disease prevention and increase in milk quality. Water supply incorporated not 
only the animal’s necessities but also human needs, equipment’s cleaning, plant irrigation and 
production installations. Hence, especially for smallholder producers with water scarcity 
conditions, the calculation of water necessities for production is essential, considering the 
different stages of the animal cycle and climate conditions. The authors suggested a projection 
of two years of drought conditions for the producer to plan water reservation necessities. Water 
should be reserved in trenches, preferably chlorinated for the preservation of quality, pumped 
to smaller reservoirs and distributed to drinking fountains around the pasture area.  
Another possible process to climate adaptation is the use of breeding strategies to 
produce more resistant animals to heat and to incidence of diseases (Rojas-Downing et al. 
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2017)13. This measure demands research and advanced technology, in addition to investments 
in gene bank creation for preservation of traditional species and variety of livestock. Gauly et 
al. (2013) denoted that reproduction with sperms from bulls with high genetic merit, such as 
higher heat resistance, will play an important role in the future in dealing with climate effects 
in a sustainable way.  
On the other hand, regions with large climate variations – extreme hot summers and 
cold winters – represent an issue to consider when breeding strategies focus solely on heat 
resistance. The animal would be resistant to a season condition, yet vulnerable to the other 
(Polsky and von Keyserlingk 2017).  
Moreover, an effective process of breeding involves capital and technology, which 
could be hard for a smallholder producer to have access to. Breeding strategies for developing 
countries, and producers that lack capital and scientific knowledge for bigger investments 
involve the recognition that some species – already by natural evolution – are more resistant to 
extreme conditions, and, depending on availability, could be adopted in more extreme weather 
conditions. Van Garderen (2011), for example, points out the importance of well adapted 
traditional livestock breeds in terms of resilience of producers to temperature increases at 
southern Africa. 
In that sense, it is essential to identify and strengthen the use of local breeds, which 
are more adapted to feed sources and climate conditions of the region. Also, it is important to 
recognize that some breeding measures can accelerate the process of adaptation to heat, diseases 
and poor nutrition conditions. The crossbreeding of species among heat and disease tolerant 
ones is imperative, without neglecting the maintenance of maintenance and preservation of 
local breeds (IFAD 2008).  
Some management measures can help to deal with climate uncertainties. The usage 
of subsides and instruments of insurance can support climate adaptation. For example, 
insurances, innovative processes could be designed to protect farmers from veterinary costs on 
farm diseases, illness or death of the animal, net revenue insurance to protection against market 
losses (Sirohi, Sirohi, and Pandey 2010).  
 Another instrument that could be used for smallholder protection and adaptation 
is a better risk-management of climate impacts, in particular, extreme events ones. Information 
about climate situations, market adaptations and predictions of droughts and rainfall variations 
 
13 One example is the usage of the SLICK gene to control hair length of the animal, that could facilitate evaporation 
processes (Polsky and von Keyserlingk 2017).  
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can prevent the farmers from unexpected impacts, and provide them with time to plan better 
focused actions (Thornton 2010).  In order to have better provision of weather information, the 
collaboration among government agencies, research institutions, the media, extension services 
and farmers is effective in creating ways to spread information – such as periodic bulletins with 
crop and market trends, livestock conditions and extreme weather previsions (Thornton, 
Herrero, and Jones 2011). 
 In addition to information provision, instruments of insurances can protect 
smallholder farmers from unexpected or possible extreme climatic events. In a project for 
northern Kenya’s arid and semiarid land, Mude et al. (2013) indicated the importance of index-
based livestock insurance products as a way to make it available to the poor. By using satellite 
data for collection of Normalized Vegetation Index, it was possible to reach data from remote 
regions, and make predictions. Partnerships between public and private sector made it feasible 
to bear risks and incentives involved in the insurance contracts.   
Conversely, OECD (2009) arguments that, despite the fact that insurance 
instruments play an important role in climate change adaptation, in which governments promote 
insurances in climate scenarios with great impact but low probability, they should not play this 
role with systemic risk events, once this could discourage producers to move on to less risk 
production under a scenario of changing climate.    
Production adjustments to livestock adaptation to climate change also involves 
animal and crops species diversification, irrigation and change in timing of farm operations and 
locations, integration of livestock systems with pasture, forestry and crop production, 
conservation of nature and ecosystems, as well as adaptation of stock distances and routes to 
market (IFAD 2008).  
Diversification of crops and livestock can increase tolerances to extreme events 
such as droughts and floods. Furthermore, it can help the livestock to better cope with climate 
change in regard to diseases and pests, and to maintain or increase production with variations 
of temperature and precipitation (Rojas-Downing et al. 2017). 
Nindi and Mhando (2012), in a study of climate adaptation strategies for local 
villages in Tanzania, revealed the importance of the diversification of activities in poor regions 
and hotspot of climate effects. Practices such as individual farmers gathering as groups and 
deciding for activity diversification – fish farming, pig farming, dairy cattle, beekeeping, tree 
planting and local brewing, for instance – could be effective in coping with climate adverse 
conditions and sustain a livelihood.  
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 These groups also extend their actions to the maintenance and recovery of local 
environmental conditions, with tree and fodder planting, avoidance of bush fires, restriction on 
cultivation close to river courses to ensure natural vegetation restauration, collection of seeds 
for planting, use of native knowledge for the best vegetation species restoration for each region, 
and so on. All of this conservation and restauration initiatives also represents an adaptation 
strategy in a changing environment (Nindi and Mhando 2012). 
 Similarly, Thornton, Herrero, and Jones (2011) show the importance of 
diversification of production for smallholder’s adaptation, including non-farm activities such 
as small business and leasing programs. In Vihiga, Kenya, the conjunction of dairy production 
with tea, maize beans and bananas helped spread the risk and provide income for the farmers. 
In addition, sweet potato production was important not only for food from its roots, but for 
livestock feed from its vines, that helped increase milk production.  
 Agroforestry is able to play special role in adaptation, once some tree species 
produce leaves that can serve as supplement diet for cattle in dry seasons, like the Leucaena 
leucophalia, common specie from the tropics (Thornton, Herrero, and Jones 2011). This system 
also helps in carbon sequestration. Some hotspots of climate change make the forestry and crop 
production inviable, and, in these cases, decision makers should incentivate farmers to 
concentrate on an extension of livestock production instead of diversification.  
 Cesano et al. (2013) illustrate the experience of some municipalities of Bacia do 
Jacuípe, a territory of the Brazilian semiarid region, through the Adapta Sertão project initiative. 
This is a strategy for familiar producers’ adaptation in places which are not reached by 
international help and public policies. The coalition helps in the production of rainfed and 
irrigation crops for the production of animal feed and subsistence products. It focus on, for 
example, how to maintain water supply for production in an effective and sustainable way 
(irrigation processes). Moreover, the project brings together research institutions, cooperatives 
and producers associations, nonprofit institutions, coordinated by the Adapta Sertão initiative 
in order to generate instruments, knowledge and technical capacity for producers to thrive, 
given local climatic and socioeconomic conditions.   
Farmers perception of climate trends and knowledge of regional adaptation 
particularities are central points in the capacity to cope with climate changes and to maintain 
their livelihood. Considerations of time scales in climate variabilities are also important, once 
decision makers with this perception can act in advance, and avoid excessive climate impacts 
and develop technologies to cope with these trends (Thornton et al. 2009). In addition, for 
farmers, the increase of global awareness of climate trends is important, as well as the possible 
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training on agroecological practices and technologies for production and conservation of crops 
and fodder for the cattle (IFAD 2008).  
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Section 2 – Brazilian cattle milk production characteristics 
2.1. Introduction 
 Livestock sector in Brazil, with an income generation in 2018 of R$ 597,22 
billion, represented 8,3% of country’s GDP (ABIEC 2019). For cattle meat production, Brazil 
was in 2017 the second world producer, with a total production of 9.553 thousand tones, only 
falling behind only to the US, with 11.938 thousand tones. The country was also the top exporter 
of cattle meat in 2017, having exported 1.858 thousand tones ( FAO 2018b).  
Moreover, the dairy sector represents the second most relevant segment of food 
industry in Brazil, only falling behind the meat products sector. It accounts for approximately 
20% of the Brazilian agribusiness GDP, and it generated, in 2018, a revenue of R$ 68,71 billion, 
2,1% less than in 2017, which had a revenue of R$ 70,2 billion (Siqueira 2019; Agostinho et 
al. 2019). The milk sector chain is also responsible for the employment of around 3 to 4 million 
people in Brazil (Agostinho et al. 2019).  
The importance of family production for the milk sector in Brazil is substantial. 
According to the federal government, around 30% of cattle meat and 60% of the total milk 
production come from familiar production14.  Despite its economic importance in the country, 
this production organization still presents some fragilities, and room for development. In 2006, 
only a little more than 20% of familiar farms had access to technical support for production, 
less than 5% were associated to cooperatives organizations, less than 6% made use of irrigation 
and less than 5% of employees had some professional qualification15 (IBGE 2015).  
In 2006, out of the total number of farms classified as family farming organization, 
around 49% had cattle in the farm, and 25% produced cattle milk16.  In Brazil, according to the 
Law 11.326 of National Congress17, a producer is considered a family farm organization when 
his/her property it is no bigger than 4 fiscal modules18, workers are mainly family members, the 
family income is generated predominantly by activities in the land, and the farmer is the 
manager of the property.  
 
14 http://legado.brasil.gov.br/noticias/economia-e-financas/2018/06/agricultura-familiar-brasileira-e-a-8a-maior-
produtora-de-alimentos-do-mundo. 
15 Employees over the age of 14 and with family ties to the producer were considered here.  
16 Data extracted from 2006 Agricultural Census IBGE (https://sidra.ibge.gov.br/pesquisa/censo-
agropecuario/censo-agropecuario-2006/segunda-apuracao#agricultura-familiar).  
17https://www2.camara.leg.br/legin/fed/lei/2006/lei-11326-24-julho-2006-544830-normaatualizada-pl.html. 
18 The area size of each fiscal module is measured in hectares and varies by municipality 
(http://www.incra.gov.br/tabela-modulo-fiscal).  
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Due to the small scale production of each family unit, family farms could be more 
vulnerable to climate effects on milk production. Moreover, given the substantial amount of 
milk produced by family farms, it is important in terms of food security to consider ways in 
which family workers could increase productivity, income and ways to cope to climate change. 
This section is dedicated to characterizing some aspects of the cattle milk sector in 
the country, in particular, it focus on milk production and productivity inequalities among 
Brazilian municipalities. The data source used for the description was extracted from the 
Agricultural Census and Livestock Municipal Research (PPM)19, from the Brazilian Institute 
of Geography and Statistics (IBGE)20, as other sources that can support a better understanding 
of Brazilian cattle milk production.  
Despite PPM providing yearly municipal data about milk production, yields and 
other characteristics of the sector, milk production, productivity and control variables were 
extracted from the Agricultural Census for the subsequent empirical analysis in section four. 
Besides milk production aspects, the Agricultural Census also provides also data about farmer’s 
characteristics, such as age, technical orientation and educational level, which were used for 
the definition of control variables in the model. Notwithstanding being produced every ten 
years, Agricultural Census also presents a higher level of sampling than PPM, reaching more 
properties and producing data with greater accuracy for local realities.  
2.2. International position of Brazilian cattle milk sector 
Brazilian cattle whole milk production occupied, in 2017, the third position among 
top producers worldwide. With a harvest of 33,5 million tonnes, it was just behind the US and 
India21, which concentrates approximately 27% of the world’s whole milk production (table 1). 
Despite this central position in production, in average Brazilian milk productivity is low, 1,96 
tons per cow, when compared to with US and German producers, with a mean of 10,5 and 7,8 
tons per cow, respectively. India presented a lower yield than Brazil, 1,6 tons per cow, 
emphasizing the importance of the number of producers in that country – mostly smallholder 
ones – for centrality in the sector (Sirohi, Sirohi, and Pandey 2010).  
In the international market, Brazil is a substantial importer of dairy products, 
though. Figure 1 shows a history of deficits in the commercial account for this sector (Vilela et 
al. 2017). The exception is presented in between 2004 and 2008, in which imports fell 
 
19 Pesquisa Pecuária Municipal.  
20 Instituto Brasileiro de Geografia e Estatística.  
21 See http://www.fao.org/faostat/en/#data/QL/visualize.  
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substantially, and exports grew progressively until 2009, given higher international prices, 
demand and internal production increases (Pinha, Braga, and Campos 2016). In 2017, Brazil 
imported 169 thousand tonnes of milk equivalent22 and exported 38 thousand tonnes. This left 
the country with a commercial deficit in this product in the order of US$ 450 million 
(EMBRAPA 2018). In 2018, despite the reduction of 35% in the imports, Brazil still presented 
a deficit of US$ 40 million (EMBRAPA 2018).  
 
Table 1: Top 10 cattle milk producers in the world in 2017 
 
Country Production  (million tonnes) 
Participation in world 
production (%) 
Yield  
(tonnes per 
cow) 
US 97,73 14,47 10,46 
India 83,63 12,38 1,64 
Brazil 33,49 4,96 1,96 
Germany 32,67 4,84 7,78 
Russian Federation 30,91 4,58 4,39 
China 30,77 4,55 2,56 
France 24,40 3,61 6,72 
New Zealand 21,37 3,16 4,24 
Turkey 18,76 2,78 3,14 
Pakistan 16,12 2,39 1,23 
Source: Elaborated by the author with data from FAOSTAT23 
 
International dairy commerce tends to present a regional pattern, usually occurring 
among countries in the same economic trading blocs. In part, this is due to the perishability of 
dairy products and the high level of market protectionism, with the exception of African 
countries, in which regional supply is too low to cover internal demand, and there is a necessity 
to import from other regions (Pinha, Braga, and Campos 2016). Brazil’s main commercial 
partners of dairy imported products were Argentina and Uruguay, with 47% and 42% of 
national imports in 2017, respectively (EMBRAPA 2018).   
 
 
 
22 Milk in its different forms for dairy products.  
23 http://www.fao.org/faostat/en/#data. 
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Figure 1: International trade balance of milk (thousand tons) 
 
 
Source: Elaborated by the author with data from EMBRAPA (2018, p. 14), 
extracted from MDIC.  
 
Despite the relatively significant size of dairy production in the country, one of the 
reasons for the predominance of imports for this sector is the increasing internal demand (figure 
2). Historically, an elevation in milk consumption per capita is observed, with a peak in 2013 
(179 liters/habitant). Notwithstanding, there was a small trend, in subsequent years, of reduction 
in per capita consumption24. However, the total amount of equivalent milk consumed in Brazil 
is increasing. Globally, this consumption evolved yearly in an average of 1,2% since 1999. 
Brazilian rates of consumption in the last ten years were of 2,7%, with decreases in total 
consumption presented only in 2001, 2003, 2015 and 2017 (EMBRAPA 2019). 
 
 
 
 
 
 
24 In 2018, the per capita milk consumption was of 166,4 liters/habitant (Kennya Beatriz Siqueira 2019b). 
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Figure 2: Per capita milk consumption in Brazil (milk equivalent/habitant) 
 
 
Source: Vilela et al. (2017, p. 11). 
 
This expansion of dairy consumption was influenced by the GDP growth and the 
population average income increases, especially in the XXI century, as well as different habits 
of consumption with convenient products which adapts to daily life (Pinha, Braga, and Campos 
2016). The increase in national production, liberalization of markets, modernization of 
production and demographic increases played an important role too (Vilela et al. 2017). The 
dairy sector consumption in Brazil is concentrated mostly in UHT milk25 and cheese, followed 
by powder milk and yogurt. These products also represents the main imported ones  
(EMBRAPA 2019). 
Argentina and Uruguay have a smaller internal market for their dairy production, 
which gives them a favorable context for exportation. In 2017, Argentina produced 10,1 billion 
liters and exported 8% of this quantity, while Uruguay produced 1,9 billion and around 70% 
were exported26 (EMBRAPA 2018), in comparison with Brazil, which produced around 30,1 
billion liters27 in the same year, and was a liquid importer. In terms of milk productivity, 
Brazil’s neighbors also had better indices. In 2017, the mean productivity of Argentina and 
 
25 Ultra-High Temperature Milk, a process where milk temperature is elevated to 147 Celsius for 16 seconds and 
then lowered to 20 Celsius, for longer product duration.  
26https://www.milkpoint.com.br/noticias-e-mercado/panorama-mercado/como-anda-o-leite-no-mercosul-
210634/?r=1187086992. 
27 Data from IBGE Agricultural Census 2017: https://sidra.ibge.gov.br/tabela/6782#resultado. 
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Uruguay were 3.001 kg and 2.645 kg of milk per lactating cow, respectively, while Brazil 
productivity was of 1.963 kg/lactating cow (EMBRAPA 2019).  
In this context, Brazil presents low international competitiveness for this sector in 
relation to its commercial partners. This is expressed in higher prices for milk and dairy 
products. Between 2012 and 2017, national mean milk prices remained 10,6% above global 
mean. Conversely, prices in Argentina and Uruguay prices were 7% and 6,1% below 
international mean, which reflects a higher market competitiveness (EMBRAPA 2019).  
 All these facts show that Brazil has significant room to increase milk production, 
and to consolidate itself as a liquid export of dairy. This can be seen by the internal demand 
growth, the number of producers spread all over the country, climatic variability, soil and 
topography conditions, substantial water sources and pasture areas, familiar production 
predomination, and so forth (Gomes 2009). Yet, for this to happen, it is necessary to invest in 
modernization of productivity, in a spread way in order to reduce inequalities in production’s 
conditions. Vilela et al. (2017) highlights the importance of improving milk quality in Brazil 
for its international insertion as a reference exporter for this sector.  
 On the other hand, apart from necessities and opportunities for milk production 
via increases of milk quality and productivity, meteorological factors could affect the sector as 
a whole, and compromise family producers in particular. Frequency projections of higher 
temperature days in Brazil in the future could affect several areas of agricultural and livestock 
sectors, including impacts on total milk produced in the country (Ministério da Ciência 2016). 
This fact adds an extra issue in modernization processes to include climate resilience for the 
Brazilian cattle milk and dairy sectors.  
2.3. Institutional and regulations changes in Brazilian dairy sector    
The Brazilian dairy sector has undergone several transformations, especially since 
the 1990s, as a result of institutional changes and market conditions. In most of the latest 
century, the sector growth was based much more in terms of quantity than quality (Vilela et. 
al., 2016).  
Since 1991, there were a higher public concern and valorization of the milk quality 
produced in the country. However, the quality of Brazilian milk has not yet reached the same 
levels as producing centers, such as New Zealand, where solids content in milk are 
approximately 15% higher than Brazilian one (Vilela et al, 2017). Furthermore, the somatic cell 
counts (CCS), an indicator which serves as a proxy to measure the animal's ability to deal with 
pathogens that can attack the mammary gland, still present high levels in comparison to 
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reference countries in dairy activity. In 2012, while Brazil presented a level of 593 thousand 
cells/ml of milk, in New Zealand, the US and Germany these levels were of 187, 192 and 180, 
respectively (EMBRAPA 2018).  
The first substantial step towards milk quality regulation was the Decree 30.691, 
from 1952, making pasteurization and inspection certification mandatory for producers who 
traded milk interstate and internationally (Maia et al. 2018). A second milestone in quality 
regulation was the Normative Instruction n. 51 (IN 51), publish by the Ministry of Agriculture, 
Livestock and Supply (MAPA) in 2002.  
This instruction was, in part, a result of the National Improvement Program of Milk 
Quality (PMQL), created by a working group formed by government researchers and 
institutions linked to milk production. The purpose of this group was to articulate actions for 
modernizations and increases in milk productivity. The IN 51 established minimum criteria for 
production, transportation, animal hygiene care, milk identity, quality, among other factors 
concerning milk regulation28 in the beginning with a permissibility of quality criteria29 but 
foreseeing to make the regulatory criteria more rigid as producers were adopting the changes. 
Moreover, this regulation made mandatory the cooling of milk on the property and the bulk 
transport to the industry.  
Given the producers’ difficulty in adapting to the standards of IN 51, in 2011 
MAPA replaced it with the Normative Instruction 62 (IN 62), in which longer terms have been 
set for the adoption of total bacteria count and CCS requirements, and the categories of milk 
type B and C were replaced by cooled raw milk (Maia et al. 2018).  
In November of 2018, the Normative Instructions 76 and 77 were published. Both 
of them advanced in terms of production, storage, transportation, industrial aspects and milk 
quality requirements. These instructions covered a more detailed monitoring and self-control 
of production in its first stages at the farm; restricted microbiological limits for cooled raw milk; 
gave the public more transparency of the components of milk produced; set minimum 
 
28 For more information about IN 51, see: 
https://wp.ufpel.edu.br/inspleite/files/2016/03/Instru%C3%A7%C3%A3o-normativa-n%C2%B0-51-de-18-de-
setembro-de-2002.pdf 
29 The IN 51 determined a maximum of 1 million somatic cells/ml and 1 million bacterial colony forming units/ml, 
according to Milk Point publication (https://www.milkpoint.com.br/colunas/marco-veiga-dos-santos/padroes-
minimos-de-qualidade-do-leite-e-necessaria-uma-nova-revisao-da-in-62-205597n.aspx). In general, New 
Zealand, a reference country in milk production and quality, measures the quality based on 400.000 somatic 
cells/ml and 50.000 bacterial colony forming units/ml (https://www.milkpoint.com.br/artigos/espaco-
aberto/sistema-de-qualidade-do-leite-na-nova-zelandia-88173n.aspx).  
  
 
40 
requirements for technology implementation, made the registration of carriers and suppliers in 
MAPA, among other factors30.  
Besides quality regulation, Carvalho (2010) points out several changes in the dairy 
industry chain in these last two decades: the ending of milk price regulation, the control of 
inflation after the Plano Real in 1994, the openness to international marketing which lead to 
higher competition in the country, the increase in investments, the productivity, and also the 
concentration by fusions and acquisitions in the dairy industry and primary producers31. In 
addition, the logistics of transportation, especially with the introduction of bulk transportation, 
advanced with more efficiency, less costs, higher levels of milk transported and less labor 
usage.  
Several political measures and institutions were important for the modernization of 
the milk sector. Embrapa Gado de Leite, created in 1976, was another important institution for 
research, services and technology implementations in order to increase modernization and 
productivity for the sector. It especially help diminish concentrations of production and 
productivity, improved the performance of the milk production chain, and diversity of 
production through time32.  
Maia et al. (2018) highlight several policies favoring familiar production and 
smallholder producers in terms of financing, technical assistance and orientation, technology 
implementation, producer’s family support, development of cooperatives, to name a few. In 
2006, the Ministery of Agrarian Development created the Política Setorial do Leite to support 
familiar production through plural ways, such as credit assistance, income insurances, technical 
assistance and capacitation, market actions, and so on.  
In terms of capacitation, rural extension and technical orientation, the program 
Balde Cheio stands out, coordinated by Embrapa. Credit lines were provided by the Programa 
Nacional de Fortalecimento da Agricultura Familiar (PRONAF), which offered better 
conditions for familiar producers. Income insurances were stimulated by the Programa e 
Garantia de Preços para a Agricultura Familiar (PGPAF), which supported familiar producers 
for debt payments in case of low market prices scenarios. The Programa Nacional de 
 
30 For more information about the 76 and 77 instructions, see Milk Point publications: 
https://www.milkpoint.com.br/colunas/rafael-fagnani/resumao-das-ins-76-e-77-elas-estao-chegando-212785/ and 
https://www.milkpoint.com.br/colunas/na-mira/as-novas-legislacoes-para-producao-de-leite-estamos-prontos-
212930/.   
31 In 2009, the ten biggest dairy producers in the country were responsible for 42% of inspected milk produced.  
32 https://www.embrapa.br/gado-de-leite/.  
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Alimentação Escolar (PNAE) also supported family farms also by using part of their resources 
to buy milk from familiar production. The Banco Nacional de Desenvolvimento Econômico e 
Social (BNDES) contributed in terms of financing and support to programs and milk 
cooperatives.  
Other examples of programs which stimulated milk production, technical assistance 
and innovation process are the programs Leite Legal, to train milk producers; the program Leite 
100, created by SEAFDA to support family production; the program Programa de Incentivo a 
Inovação Tecnológica na Produção Agropecuária (Inovagro), which prioritized financing milk 
production; and the Programa Mais Leite, which was created by MAPA with the goal to 
increase milk productivity in the country (Cruz 2018). 
2.3. Aspects of cattle milk production in Brazil 
Brazil produced approximately 34 billion liters of milk in 2018. Despite a small 
decrease between 2014 and 2017, this production had historically increased, with a more 
accelerated rate between 2000 and 2014. In 2014, Brazil reached a historical peak of production 
– around 35 billion liters (figure 3).  
In part, this evolution in production was due to an increase in the number of milked 
cows in the country. In 1974, according to PPM from IBGE, there were around 10,8 million 
milked cows in Brazil. This number has increased to approximately 23 million in 2014, the 
peak of the series. After that year, the number of milked cows plummeted to 16,3 million in 
2018, without compromising the increase of production. This also indicates also improvements 
in the productivity of the sector. In fact, as shown in figure 3, between 1995 and 1996, the 
number of milked cows decreased, but milk production kept in a crescent line. This fact 
reinforces productivity increases.  
In figure 4 it is possible to see this historical change in milk productivity (liter/cow). 
From 1974 to 1995, milk productivity increased in 22,2%. On the other hand, from 1995 to 
1996 there was an increase of 42% in this indicator, a tendency that kept in an accelerated rate 
until 2018.  
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Figure 3: Brazilian milk production (million liters) and number of cows (thousand cows) 
 
 
 
 
Source: Elaborated by the author with data from PPM IBGE. 
 
 
Figure 4: Historical trend of milk productivity in Brazil (liters/cow/year) 
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Source: Elaborated by the author with data from PPM IBGE. 
 
 
 
 This evolution of productivity in the 1990s may have been stimulated by the 
process of economic liberalization and the creation of the Southern Common Market bloc 
(Mercosul). Yields particularly improved from 1995 to 1996, as a probable reflex of incentives 
established by monetary stabilization brought by the Plano Real (Cruz and Bacha 2015; Vilela 
et al. 2017). All these factors exposed Brazilian milk production to international competition, a 
trend that, in face of more competitive production worldwide, stimulated a process of national 
milk sector’s modernization. 
According to the Milk Point Yearly Research publication, which reveals aspects 
about the 100 most productive farms in the country33, the average productivity of these 
properties in 2018 was of  27,9 liters/cow/day, while top productivity farms could reach a 
production of 40 liters/cow/day (EMBRAPA 2018). Conversely, the average productivity of 
the country in 2018 was 2.068 liters per cow.  If considered daily, this value, in average, goes 
up to around 6 liter/cow/day (figure 4). This reference reveals the disparity presented in 
conditions of milk production in the country. 
The most productive farms are investing in a selection of breeds and animals with 
higher productivity. The most used breeds were Holandesa and Girolando. Furthermore, these 
properties are implementing information technology to control the reproduction and genetic 
selection of cows that are more resistant to diseases, and that generates higher milk quality. 
This is done in order to reproduce them with high genetic quality bulls and increase quality of 
heard (EMBRAPA 2018).  
It is more frequent on high productive farms to invest in homogeneous feed 
produced with corn, oats and ryegrass silage, supplements, mineral salts and grass in order to 
balance the animal’s nutrition needs. Practices such as a fixed schedule for milking and feed, 
hygiene, labor training and containment systems that increase the comfort of the animal – with 
ventilation, shades, resting places, and so forth34 – are understood as good for productivity 
increases (EMBRAPA 2018).  
 
33 http://www.milkpoint.com.br/lp/top100-2019/ebook-top100-2019.pdf. 
34 Systems such as compost barns and free stall are predominant in top milk producers in Brazil, according to the 
Milk Point research.  
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The evolution of the number of farms which produced milk in the country also 
reveals concentration of production. In total, it dropped from 1,34 million properties in 2006 to 
1,17 million in 2017, a reduction of 13,3%35 (table 2). In between these years, milk production 
increased in the country, as well as productivity, especially in the south region, a fact that could 
indicate that probably such reduction of milk producers were represented in majority by 
smallholders’ producers with low modernization and yields (Maia et al. 2018). 
 
Table 2: Number of farms that produced milk by region (2006 and 2017) 
 
Region 2006 2017 Var. % 
Brazil 1.350.809 1.171.190 -13,3 
North 87.948 110.771 25,95 
Northeast 410.035 349.408 -14,79 
Southeast 310.257 291.073 -6,18 
South 413.773 287.979 -30,4 
Midwest 128.796 131.959 2,46 
Source: Elaborated by the author with data from Censo Agropecuário IBGE 
 
 Inequalities in milk production and productivity can be better illustrated when 
considering Brazilian municipalities. Map 1 presents a classification of municipalities by levels 
of milk productivity (liters per cow), for 2006 and 2017. The evolution of milk yield in between 
these years is clear, with a higher incidence of municipalities that produced above 3.500 
liters/cow in 2017 compared to 2006.  
 It is also noteworthy the substantial increase in inequalities of municipalities 
productivity levels from 2006 to 2017. In the north and northeast regions, municipalities with 
a yield of less than 500 liters/cow became more frequent in 2017, while increases of 
productivity, especially above 3.500 liters/cow, appeared in the southeast and south regions, 
with a few incidences in coast area of the northeast region.  
 The total production of milk presented a similar trend between 2006 and 2017 
(map 2). The northeast region of Brazil concentrated the number of municipalities which 
 
35 In 1996, the number of farms that produced milk was 1.81 million, revealing the tendency of reduction (José 
Gomes 2009). 
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produced less than 500 thousand liters of milk in 2017. This frequency intensified in 
comparison to 2006, and the number of municipalities with this amount of production is 
substantial.  
On the other hand, municipalities outliers of production, above 100 million liters in 
the year, are concentrated in the southeast and south part of Brazil. It is possible to observe, 
from map 2, an increase in concentration of milk production in between 2006 and 2017. While 
territories in the southeast region still remain as locus of milk production in the country, the 
south region has been significantly increasing its shares of production and productivity.  
 
Map 1: Milk yield (liters/cow) of Brazilian municipalities for 2006 and 2017 
 
 
 
  
Source: Elaborated by the author with data from Censo Agropecuário IBGE  
*2006 values on left map and 2017 values on right map  
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Map 2: Milk production (million liters) of Brazilian municipalities for 2006 and 2017 
 
 
 
  
Source: Elaborated by the author with data from Censo Agropecuário IBGE  
*2006 values on left map and 2017 values on right map  
  
The concentration of production and productivity shown in Maps 1 and 2 indicates 
the possibility of variable’s positive spatial autocorrelation – a positive relationship between 
the value of a variable among nearby locations, separated by a specified distance. To verify the 
existence of spatial autocorrelation, a Moran’s Index36 was calculated for the municipalities 
considering milk production and productivity values in 2006 and 2017. The results are 
illustrated in Appendices O and P.  
The geographical proximity was the criteria applied to define the influence among 
the municipalities. Hence, two municipalities are considered neighbors if they share similar 
physical boarders. In that sense, all municipalities that are physical frontiers with the reference 
one was weighted as 1 and the others as 0, in a first order weights matrix. The Moran Index was 
calculated with this reference of contiguity37.  
As shown in Appendices O and P, the tests of spatial autocorrelation for milk 
production in 2006 and 2017 presented a positive value of 0,467 and 0,509, respectively, which 
indicates a positive autocorrelation of this variable among municipalities. For productivity, the 
result was positive as well, of 0,649 in 2006 and 0,611 in 2017. Both tests were statistically 
significant considering a p-value of 0,1%.  
 
36 Moran’s Index is a measure of spatial autocorrelation. Its values vary from -1 to 1, in which -1 means perfect 
dispersion of the data (negative spatial relationship between values of the same variable in different locations), 0 
means perfect randomness (no relationship) and +1 means perfect positive clustering (similar values are perfect 
clustered in the spatial area).  
37 For more information about the Moran’s Index, see Moran (1950).  
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The Local Index of Spatial Autocorrelation (LISA) cluster maps in Appendices O 
and P illustrate regions with more substantial concentrations. The municipalities in red are the 
ones with higher production and productivity, and ones in blue are the opposite. For both milk 
production and yields, there is a clear concentration of municipalities with high values in the 
south and southeast regions, and with low values in the north and northeast region – with 
exception of a high value’s cluster in some parts of the north and northeast regions for milk 
production.  
According to Gomes (2009), factors which contributes to the south territories 
expansion in milk production, in particular the mesoregions of Noroeste Rio-Grandense and 
Oeste Catarinense, both predominantly in the Mata Atlântica biome, are the presence of fertile 
soils, temperate climate, water availability, family farms systems, pasture availability for feed, 
higher accessibility of subsidized credit by public programs and by organization as 
cooperatives38, and less competition for land with other sectors like sugarcane production.  
     Carvalho, Oliveira, and Beskow (2017) point out that its peculiar to the south region 
a higher milk production in the winter relative to other Brazilian regions, particularly in the 
second semester of the year, as a combination of enough food supply for the animal and the 
lower rates of heat stress, given climate conditions in that territory. Therefore, when compared, 
for example, to the state of Minas Gerais, another milk production locus located in southeast 
region, the seasonality of milk production in the south is more pronounced, falling more rapidly 
in summer, recovering rapidly in winter. This helps to keep, in average, higher levels of yearly 
production for the market.  
 In the context of favorable conditions for milk production in these territories, 
some south municipalities are also a highlight in the adoption of technologies for milk 
production in 2006. In that year, 24,1% of south farms that produced milk already had milk 
cooling tanks, against 0,3% for the ones in the northeast and 1,3% for the ones in the north. 
Also, 38,2% of south farms had mechanical milking machines and 22,3% practiced artificial 
insemination, while the ones in the north and northeast presented less than 5% for this indicators 
(Maia et al. 2018). This could explain the more concentrated evolution of milk yields in these 
territories39.  
 
 
38 South and southeast regions stand out for milk production by cooperatives, which helps smallholder producers 
to overcome differences of input prices and sales relative to large producers (Vilela et al. 2016).  
39 Despite this increasing in south production, the southeast state of Minas Gerais still dominates milk production, 
with a relative state share of 26,4% of Brazil’s total milk production (appendices A).  
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Map 3: Brazilian biomes geographical limits 
 
Source: IBGE (https://educa.ibge.gov.br/jovens/conheca-o-brasil/territorio/18307-biomas-
brasileiros.html). 
 
Since the same environmental changes can cause different effects depending on the 
region – for example, increase in rainfall in the semiarid and south regions of Brazil can provoke 
different impacts on pasture –, it is interesting to analyze milk production by biome in order to 
evaluate climate impacts on this sector40. Map 3 references geographic locations of each biome 
in the country.  
The Mata Atlântica biome concentrated milk production both in 2006 and 2017, 
with an increase of 60,5% between these years, while Cerrado, the second biome that grows the 
most in production, increased in 40% (table 3). Disparities in production accentuated in the 
period, in which the biomes of Pantanal and Pampas presented lower total milk production 
when compared to the others.  
In 2006, milk productivity did not show significant inequalities between biomes, 
though (table 4). With little differences among this two groups, Cerrado, Mata Atlântica and 
Pampa presented a higher productivity than Amazônia, Caatinga and Pantanal. In the transition 
to 2017, it is possible to see a disproportionate progress in productivity. Mata Atlântica was a 
highlight, growing 66,9% in productivity, the only one which reached a mean above 3.000 liters 
per cow in the year, followed by Pampa, with a progress of 56% in productivity.  
 
 
40 Data for biomes were calculated by the average of municipalities data of each biome, using data from the Censos 
Agropecuários IBGE.  
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Table 3: Milk production (million liters) of Brazilian biomes 
 
Biomes 2006 2017 Variation (%) 
Amazônia 1.672,66 2.247,89 34,39 
Cerrado 6.053,84 8.467,70 39,87 
Caatinga 1.991,11 2.150,94 8,03 
Mata Atlântica 10.424,55 16.731,63 60,5 
Pampa 376,18 460,42 22,39 
Pantanal 46,5 48,22 3,71 
Source: Elaborated by the author with data from Censo Agropecuário IBGE 
   
Despite productivity increases in Caatinga, Amazônia and Pantanal, in 2017, 
differences of milk productivity among them and the other biomes became more evident. The 
Caatinga biome, with a milk productivity of 1.615,28 liters/cow, had a yield distance of 849 
liters/cow from Cerrado. In 2017, the Amazônia biome was the lowest productive one – a mean 
yield of 1.360,34 liters/cow in that year, with a distance of 1.752,41 liters/cow from Mata 
Atlântica, the most productive one in 2017.  
 
Table 4: Milk productivity (liter/cow) of Brazilian biomes 
 
Biomes 2006 2017 Variation (%) 
Amazônia 1.088,77 1.360,34 24,94 
Cerrado 1.670,37 2.464,12 47,52 
Caatinga 1.160,80 1.615,28 39,15 
Mata Atlântica 1.864,95 3.112,75 66,91 
Pampa 1.887,18 2.948,55 56,24 
Pantanal 1.069,82 1.411,82 31,97 
Source: Elaborated by the author with data from Censo Agropecuário IBGE 
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As showed in Tables 5 and 6, there was a movement towards a higher concentration 
of milk production in fewer farms in Brazilian biomes. Pampas, a biome that did not have a 
significant number of farms that produced milk compared to others, presented the highest 
reduction in these properties between 2006 and 2017 (36,8%), followed by Mata Atlântica 
(19,5%) and Caatinga (17,6%) (Table 6). Pampa and Mata Atlântica presented a progress in 
these years of almost 100% in total milk produced by farm (Table 6).   
Amazônia and Pantanal were the only biomes with an increase in the number of 
farms that produced milk between these years (Table 5), and Pantanal also stood out for the 
reduction of total milk produced by farm from 2006 to 2017, of -13,2% (Table 6). Despite 
reduction in number of farms that produced milk (17,8%) and an increase of 31% in total milk 
produced by farm, Caatinga was the biome with the lowest milk production by farm, both in 
2006 and 2017, revealing a possible situation of smallholder producers with more vulnerability 
to impacts in their production. 
 
 
 
 
 
Table 5: Number of farms that produced milk, by biome 
 
Biomes 2006 2017 Variation 
Amazônia 102.798 121.634 18,32 
Cerrado 237.459 236.777 -0,29 
Caatinga 343.597 283.216 -17,57 
Mata Atlântica 611.641 492.478 -19,48 
Pampa 52.172 32.981 -36,78 
Pantanal 3.142 3.754 19,48 
Source: Elaborated by the author with data from Censo Agropecuário IBGE 
 
Figures 5 to 8 present milk production and productivity for biomes when 
considering different sizes of pasture areas. For milk production, properties with less than 5 
hectares of pasture areas produced more milk than ones with 100 hectares or more for Mata 
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Atlântica, Pampa and Caatinga, in 2006 and 2017. Mata Atlântica was the only biome that 
increased milk production when considering pasture areas less than 5 hectares in between these 
years. This reveals the importance of smallholders for milk production in the region. On the 
other hand, Cerrado produced more milk than the other biomes in 2006 and 2017 when only 
considering properties with 100 hectares or more of pasture area.  
 
Table 6: Milk production (liters) by farms, for biomes 
Biomes Milk per farm (2006) Milk per farm (2017) Variation (%) 
Amazônia 16.271 18.481 13,58 
Cerrado 25.494 35.762 40,28 
Caatinga 5.795 7.595 31,06 
Mata 
Atlântica 17.044 33.974 99,34 
Pampa 7.210 13.960 93,61 
Pantanal 14.799 12.845 -13,21 
 
Source: Elaborated by the author with data from Censo Agropecuário IBGE 
 
Figure 5: Milk production (million liters) of biomes by pasture area (2006) 
 
 
Source: Elaborated by the author with data from Censo Agropecuário 2006 IBGE 
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Figure 6: Milk production (million liters) of biomes by pasture area (2017) 
 
 
Source: Elaborated by the author with data from Censo Agropecuário 2017 IBGE 
 
 
 
Figure 7: Milk yields (liters/cow) of biomes by pasture area (2006) 
 
 
Source: Elaborated by the author with data from Censo Agropecuário 2006 IBGE 
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Figure 8: Milk yields (liters/cow) of biomes by pasture area (2017) 
 
 
Source: Elaborated by the author with data from Censo Agropecuário 2017 IBGE 
 
 
Despite the significant differences in levels of production among the biomes, 
productivity levels by pasture area were less unequal, especially in 2006 (Figures 7 and 8). 
Within biomes, there was an increase in differences of productivity among pasture areas levels, 
with highlights for Pampa, Caatinga and Mata Atlântica.  
When comparing biomes, Mata Atlântica was the only one which presented higher 
productivity for smaller pasture area sizes relative to large ones. In 2017, while farms with less 
than 5 hectares of pasture area had an average yield of 3.381 liters/cow, properties with 100 
hectares or more presented a yield of 2.273,3 liters/cow –this difference probably was driven 
by small properties in the south region of Brazil (Map 1). Pantanal and Amazônia presented 
lower differences in yield between areas. 
In 2017, the higher yield observed was in the Pampa biome, in which the mean level 
of productivity for pasture areas with 100 hectares or more was of 3.862,8 liters per cow. This 
biome also presented the biggest inequalities in terms of yield among pasture area levels. On 
the other hand, Caatinga presented the lowest level of productivity, a mean of 1.293 liters per 
cow for pasture areas with less than 5 hectares.  
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The significant divergence in productivity, in 2017, for Caatinga and Mata Atlântica 
when considering farms with less than 5 hectares, could be derived both from different access 
to capital, such as information and machinery, and climatic conditions – the Caatinga biome is 
characterized as a semiarid region, with complications for production like most pasture areas 
degraded (FGV 2016), and limited sources of water. In that sense, it is possible to understand 
that smallholder producers in Caatinga are more vulnerable than the ones located in the south 
region of Brazil.  
When considering climate variations in Brazil, these trends could have a. different 
impact on milk production conditions for each biome, affecting the distribution of production 
in the country and conditions of living – especially for more vulnerable groups.  
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Section 3 – Methodology for climate data in Brazil  
3.1. Introduction 
Climate variations can affect dairy production and productivity, especially by heat 
stress and its effects on the cow’s metabolism functions, in face of increases in temperature, 
variations of precipitation and humidity. Moreover, climate indirect effects on feed production 
and incidence of diseases can be crucial for the milk sector evolution in the country. 
This section describes the climate data used for the subsequent empirical analysis. 
In order to measure possible effects on milk production, it was considered precipitation and 
temperature indicators were considered as meteorological factors. Daily data of precipitation 
and temperature in Brazilian municipalities were transformed in indicators of mean 
temperature, total precipitation as well as their standard deviations for summer and winter, 
besides other ones, to test possible relations of these variables and milk production in the 
country.   
Given the possible climate impacts on milk production described in the first session, 
one common index for heat stress measurements is the Temperature-Humidity Index (Dikmen 
and Hansen 2009; West 2003; Atrian and Shahryar 2012; Silva et al. 2009), calculated with 
temperature and relative humidity as main variables. The present work opted to use 
precipitation instead of relative humidity, once data extraction was made by satellite imagery 
products and calculations of relative humidity with remote sensing data presented itself as more 
complex. Moreover, not only does precipitation have a direct effect on animal’s metabolism 
functions, but also indirect effects on pasture and water availability, for example. Since 
smallholders rely mostly on pasture as the main feed source, precipitation and water availability 
are essential for feed production (Cezar et. al., 2016, Gori Maia et al. 2018).  
For measures of variability, the standard deviations of these indicators were 
considered, instead of other possible extreme events indicators that could be applied to Brazil, 
such as the Standardized Precipitation Index and the Palmer Drought Severity Index 
(Miyamoto, 2017). 
Climate data was extracted from satellite products, with support of Google Earth 
Engine platform41. The option for satellite imagery data, instead of, for instance, ground 
stations, was mainly due to territorial clipping of analysis. Once this research is focused on all 
 
41 https://developers.google.com/earth-engine.  
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Brazilian municipalities42, satellite data extraction could present an advantage in the coverage 
of the country’s territory. 
 Ground stations, in which typically it is collected temperature, precipitation, 
humidity, wind speed and direction, and barometric pressure, usually presents a highly precise 
weather measurement of the exact location where the station was installed (Dell, Jones, and 
Olken 2014). Despite accuracy, there are few issues related to use of ground station data. First, 
the installations of new stations and removal of already existing ones could be frequent, 
especially due to restrictions of budget. In that case, some places that used to have stations could 
present variations of temperature not because of climate itself, but because of the removal of 
some weather station and lack of data (Dell, Jones, and Olken 2014). 
Besides that, meteorological stations could be sparse in some countries and not 
reach far rural or hard access locations, which would require interpolation of data for a broader 
analysis (Mendelsohn et al. 2007; Colston et al. 2018). The National Institute of Meteorology 
(INMET) in Brazil has 265 conventional stations with available data43 spread in the country, 
while there are, nowadays, 5.570 official Brazilian municipalities44. Therefore, interpolation 
processes could produce biases of measurements for places too far from stations.  
In that sense, this research adopted satellite in measurements for climate data. There 
are some issues in the adoption of satellite measurements, though. For researches that 
considered a larger time scale, satellite may not be a good option, since better resolution images 
are provided by new satellites recent launched. Furthermore, since temperature and 
precipitation data were generated by inferences using electromagnetic reflectivity in plural 
wavelengths, it is less accurate than ground stations, which actually measure these indicators 
by direct contact (Dell, Jones, and Olken 2014). However, the covering of a broader territory 
presents remote sensing as more convenient for the analyses proposed in the present research. 
3.2. Climate indicators: 
3.2.1. Google Earth Engine API and remote sensing analysis 
 Google Earth Engine (GEE), a geospatial data processing cloud-based platform 
powered by Google’s Data Center Infrastructure45, was adopted in this work as a tool for 
satellite climate data extraction. The platform hosts a collection of satellite images, generated 
 
42 Research considered all Brazilian municipalities in which data for milk production was available by IBGE.  
43 http://www.inmet.gov.br/portal/index.php?r=bdmep/bdmep. 
44 https://cidades.ibge.gov.br/. 
45 For more information, see https://earthengine.google.com/. 
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by several satellites such as MODIS, LANDSAT, Sentinel, to name a few, as well as geospatial 
data and feature collections. These are all separated in datasets for different fields of analysis46. 
Images time scales varies according to datasets, with Earth images that could go back more 
than 40 years from now. Also, the platform is ingested in a daily basis with new data. It provides 
a planetary-scale possibility of analysis, depending on the satellite’s land coverage.  
GEE application programming interface (API) is available for Python and 
JavaScript programming languages. For this research, data extraction and manipulation were 
made with Google Earth Engine Code47, a web-based integrated development environment for 
JavaScript API application.  
This development environment is composed of a JavaScript code editor, a map area 
for visualizing geospatial datasets, API reference documentation, scripts manager, console 
output of algorithms, tasks manager to handle running queries, inspector tab for interactive map 
querying, search area for datasets and locations, geometry drawing tools and other elements, 
such as illustrated in figure 9. 
This tool does not require download of images for data manipulation, and objects 
created in code editor may be operated in the server, saving memory and time for analysis, with 
the possibility of downloads of just the final results necessary to research. Additionally, the 
interaction between data visualization and manipulation provided by the development 
environment is convenient to a more efficient analysis. For purposes of this research purposes, 
it was necessary to choose temperature and precipitation images which cover all Brazilian 
territory, and that could reach at least the same years as the milk production data provided by 
Agricultural Census of IBGE, 2006 and 2017.   
 
 
 
 
 
 
 
 
 
 
46 To explore datasets provided by Google Earth Engine, see https://developers.google.com/earth-engine/datasets/.  
47 https://code.earthengine.google.com/. 
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Figure 9: Diagram of Google Earth Engine Code elements 
 
  
Source: https://developers.google.com/earth-engine/playground 
 
3.2.2. Temperature data  
 Historical temperature trends in the Brazilian municipalities were collected with 
Moderate Resolution Imaging Spectroradiometer (MODIS), a scientific instrument aboard 
National Aeronautics and Space Administration (NASA) Terra and Aqua satellites (originally 
named EOS AM-1 and EOS PM-1, respectively). This instrument was designed to explore 
connections among atmosphere, land, snow and ice, oceans and energy balances to better 
understand Earth’s climate and its changes over time.  
Both instruments – MODIS Terra and MODIS Aqua – cover the entire surface of 
the Earth every 1 to 2 days. The first is programmed to pass from north to south across the 
equator in the morning, while the second passes over the equator from south to north in the 
afternoon48. MODIS Terra was launched in December 19, 1999, while Aqua was put into orbit 
in May 4, 2002.  
MODIS development is part of the NASA’s Earth Observing System (EOS) project 
49, a program of data collection and examination through design, development and launch of 
satellite sensors in Earth’s orbit. It collects data based on a spectrum of wavelengths: ultraviolet, 
 
48 For more information about MODIS sensor, see https://modis.gsfc.nasa.gov/.  
49 https://eospso.nasa.gov/. 
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visible, infrared and microwave (Lindsey et al. 2011). Data provided by EOS has assisted 
NASA’s Earth Science Enterprise to accomplish its mission of understanding Earth as an 
integrated system, and how it would respond to natural or human-driven changes to life and for 
future generations. It supports science and guides policy, for example with contributions to U.S. 
Global Change Research Program instituted by the US Congress in 1990.  
MODIS instrument was designed with 36 spectral bands ranging in wavelengths of 
0,4 to 14,4 micrometers50. These bands have the sensitivity to capture and distinguish different 
portion of electromagnetic spectrum of waves that could represent plural aspects of the Earth’s 
objects. Based on image collections, NASA provides several datasets of worked data related to 
different issues, some of them are already hosted by GEE datasets.  
For land surface temperature trends in Brazil, data were extracted from one of these 
products, the MOD11A1 Version 6 dataset, containing gridded data of daily per-pixel land 
surface temperature and emissivity51. This dataset is composed of a collection of gridded 
images, with pixel resolution of 1 kilometer, reaching all the global territory and with daily data 
extraction. The first image was from March 5, 200052. 
In this product hosted by GEE, each image in a collection is composed of one or 
more bands, and each band has their own name, data type, scale and projection. For day land 
surface temperature, it was selected the band LST_Day_1km was selected, with units in Kelvin, 
minimum and maximum pixel values of 7.500 and 65.535, respectively and scale of 0,02. In 
this case, to transform pixel values in Kelvin temperature it is necessary to multiply by its scale 
factor, for linear re-scaling of pixel’s value digital number. To transform Kelvin values to 
Celsius it was subtracted 273,15 degrees. The final formula applied for each pixel to get 
temperature in Celsius is as follows: 
 
C = Pixel Value * 0,02 – 273,15 
 
For empirical analysis, it was necessary to extract temperature values for all 
Brazilian municipalities in 2006 and 2017, the same years of the Brazilian Agricultural Census 
 
50 https://modis.gsfc.nasa.gov/about/design.php. 
51 Based on satellite data collection on temperature bands, NASA provided the MODIS Land Surface Temperature 
products, a sequence of products with satellite scenes processed through spatial and temporal transformations to 
daily, eight-days and monthly global girded (raster) products for analysis. For more details, see the complete 
documentation in: https://lpdaac.usgs.gov/documents/118/MOD11_User_Guide_V6.pdf. 
52 MODIS Land Surface Temperature also deals with cloud contamination measurement, which collection 6 is the 
latest version of this product. For more information, see Wan (2014) and Williamson et al. (2013). 
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in which milk sector data were collected. In GEE, an image collection object is a collection of 
images, and each image was extracted by remote sensing instruments in a certain date, and is 
composed by pixels and its correspondent values.  
MOD11A1 Version 6 produces a new image daily. The first step was to calculate, 
for each image in the collection, the mean pixel value of Brazilian municipalities, by clipping 
the country shapefile with legal divisions of each municipality53 in the images, and calculating 
mean pixel value inside the municipality. This process is called reduction in GEE code.  
 Then, these values were converted from Kelvin to Celsius, according to the formula 
above. Thereby, the data base was composed by daily mean temperature pixel values for each 
municipality in 2006 and 2017. For the subsequent empirical analysis, these daily data were 
transformed in mean and standard deviation temperature in Brazilian summer and winter 
seasons, for 2006 and 201754.  
Figure 10 presents an evolution of yearly mean temperature in the country, with 
data from MOD11A1 Version 6. In average, Brazilian municipalities yearly mean temperature 
trend presented a tendency of increases in more recent years, with an apparent U-shape curve 
when consider the whole series (Figure 10). 2013 and 2014 were the only years when 
subsequent increases in mean temperature occurred, and 2015 presented the highest value of 
the series, 30,1°C. Thus, it is possible to state a rising temperature trend from 2009, where this 
indicator reached highest values in subsequent years and less variation from 2014 to 2017.  
Map 4 shows the mean land surface temperature values differences between 2017 
and 2006, for each municipality, in summer and winter. In comparing the two maps, it is 
possible to realize that, while in the majority of municipalities summer temperatures in 2017 
were lower than 2006, for winter, the opposite was observed, with a hotter winter in 2017 than 
in 2006 for the majority of municipalities.  
Summer temperature comparisons between 2006 and 2017 showed a concentration 
of municipalities with higher temperatures in 2017 in the northeast region and some parts of the 
midwest and southeast region, in which differences were between 2°C and 5°C, and in some 
places higher than 5°C. In most of the municipalities, temperature was higher in 2006, with 
differences from 2017 between 0 and 1°C. Temperatures were lower in 2017 in relation to 2006 
especially in the south, where temperature differences were between -2°C to more than -5°C.  
 
53 Shapefiles of Brazilian legal territory divisions are provided by IBGE and available in 
https://mapas.ibge.gov.br/bases-e-referenciais/bases-cartograficas/malhas-digitais.  
54 These same daily temperature data were used to construct other indicators of temperature, like year means, for 
regression tests, described in section 4.  
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Figure 10: Mean Brazilian municipalities day land surface temperature trend (°C) 
 
 
Source: Elaborated by the author with data from MOD11A1 Version 6 
 
When considering the mean winter temperature, a predominance of municipalities 
with higher temperature in 2006 than 2017 close by the coast is clear. This difference was from 
-2°C to more than -5°C. On the other hand, most municipalities showed a higher mean 
temperature in the winter of 2017 than 2006, especially in the northeast, north and south regions, 
where in some municipalities mean winter temperature were 2°C to more than 5°C higher in 
2017 than 2006.  
While Figure 10 presents a possible trend of a higher frequency of hotter years after 
2000, Map 4 shows that in the reference years considered for this work, 2006 and 2017, this 
mean temperature tends to increase more in winter than summer.  
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Map 4: Brazilian municipalities temperature difference between 2017 and 2006 (°C), for 
summer and winter 
 
 
 
Source: Elaborated by the author with data from MOD11A1 Version 6 
*Summer values on left map and winter values on right map.  
 
3.2.3. Precipitation data  
Precipitation trends in Brazil were also calculated with GEE code support, but with 
a few particularities in comparison to temperature, starting with data sources. Information on 
quantity of rainfall in Brazil was extracted from the Climate Hazards Group InfraRed 
Precipitation with Station Data (CHIRPS), a product provided by UC Santa Barbara Climate 
Hazard Center (CHC) and US Geological Survey (USGS) institutions.  
In order to predict and monitoring precipitation trends and extreme events, 
especially considered drier-than-normal seasons, CHC and USGS have been developing since 
1999 techniques to build maps and predictions of this climate indicator. This is funded by US 
institutions such as USAID, NASA and National Oceanic and Atmospheric Administration 
(NOAA).  
It was understood that remote sensing grid data collection could often underestimate 
the intensity of extreme precipitation events due to complex terrain surfaces. Parallel to this 
were meteorological station data extraction, in which rural and distant places are difficult to 
reach and could lack of rain-gauge stations55.   
 
55 https://chc.ucsb.edu/data/chirps.  
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CHIRPS were developed in order to fulfill this lack of information, to support the 
United States Agency for International Development Famine Early Warning Systems Network 
(FEWS NET). This product provides a blended gauge-satellite precipitation, with precipitation 
estimates which cover almost all globe land regions, with high resolution, low bias, relative 
long period of record (since 1981) and low latency in estimation of new data (Funk et al. 
2015)56.  
The final products of CHIRPS initiative are also hosted by GEE, and, for this 
research, data was extracted from CHIRPS Daily version 2.0, to capture daily precipitation. 
CHIRPS images have one band, called precipitation, with a 0.05 arc-degrees of resolution, in 
this case updated each day. Each pixel of the collection’s images varies from 0 to 1.444,34 
mm/day (estimated values) and it covers all longitudes and 50° South to 50° North latitudes.  
A similar process to that of temperature was applied in order to calculate total 
precipitation in Brazilian municipalities in 2006 and 2017. The final result was a data base of 
daily precipitation for each municipality in correspondent years, in which the daily precipitation 
in a municipality represents the mean pixel values of that territory. For empirical analysis, 
instead of daily mean values, the sum of daily municipal precipitation was considered, in order 
to discover total yearly or seasonal precipitation.  
Precipitation standard deviations were also calculated to measure variability for this 
indicator. Figure 11 presents Brazilian municipalities precipitation trends, from 1981 to 2017, 
based on CHIRPS daily data57. Yearly precipitation reached its highest level of the series (1.631 
mm) in 2009 and the lowest level (1.198,7 mm) in 2012, with a historical tendency of reduction 
in volume when considering these years.  
   
 
 
 
 
 
 
56 The process of CHIRPS data production passed through a sequence of phases, from remote sensing, station and 
latitude, longitude and elevation data extraction to complementation using other sources of meteorological stations, 
for example from Central and South America and sub-Saharan Africa. For a complete explanation of the process, 
see Funk et al. (2015).  
57 In Figure 11, to calculate yearly precipitation, the first step was to reduce the collection of images in one image 
for each year, summing the correspondent pixel values of each image in the collection. Each pixel in this final 
image of the year is represents the total precipitation in the year of that particular region represented by the pixel. 
After that, to calculate total precipitation of each municipality in each year, a mean reducer of the pixels of each 
municipality was applied, ending up with a mean pixel value for each municipality for each year.  
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Figure 11: Mean Brazilian municipalities precipitation trend (mm) 
 
 
 
Source: Elaborated by the author with data from CHIRPS Daily Version 2.0 
 
 
Map 5 illustrates the difference of precipitation in 2017 and 2006 for summer and 
winter in the Brazilian municipalities. The differences of precipitation in these years were 
higher in the summer than winter. The shades of blue express a decrease in precipitation in 2017 
relative to 2006. In the summer, the frequency of municipalities with less precipitation in 2017 
were higher in northeast and southeast regions, also some parts of the north, where it was 
observed decreases in the amount of precipitation from 200 mm to more than 400 mm. When 
considering a higher level of precipitation in 2017 relative to 2006, what stands out is north 
located municipalities and some in the north part of northeast region, in which the difference 
reached more than 500 mm. Moreover, the south of the country also presented- higher levels in 
2017, with differences from 100 mm to 500 mm. 
Precipitation levels in the winter of 2006 was higher than in 2017 for the majority 
of municipalities: differences were predominantly from 0 to -100 mm. Higher decreases of 
precipitation were observed in the south of the country, between -100 mm and -400 mm. 
Conversely, a higher level of winter total precipitation was observed more in the north and 
northeast regions – with increases predominantly between 0 and 50 mm – and especially in the 
northeast coastal area and part of southeast one. Moreover, in the extreme south these 
differences were even higher, from 100 mm to 500 mm.  
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In synthesis, precipitation differences between 2017 and 2006 were more intense in 
Brazilian summer seasons than winter. When only considering only these two years, the 
increase of summer precipitation could be more favorable for milk production, especially in the 
south where there already is concentration tendency in production, and where a combination of 
more precipitation and colder temperature in 2017 relative to 2006 was observed. In some 
municipalities in northeast region summer indicators presented an opposite behavior, with 
higher temperatures and less precipitation in 2017 relative to 2006, what can deteriorate milk 
production in that territory. In winter, Maps 4 and 5 showed hotter and drier conditions in 2017 
relative to 2006 – with the exception of some municipalities especially in the coastal area –, 
what could may have brought more adversity to milk production.  
 
 
 
Map 5: Brazilian municipalities precipitation difference between 2017 and 
2006 (mm) for summer and winter 
 
 
 
 
Source: Elaborated by the author with data from CHIRPS Daily Version 2.0 
*Summer values on the left map, and winter values on the right map. 
3.3. Climate trend evidences in Brazil  
Global warming trends were observed in South America and Brazil by the 
Intergovernmental Panel on Climate Changes (IPCC), varying from 0,7 ºC and 1 ºC since 1970 
(Marengo 2014). Considering plural studies on temperature trends, a report produced by the 
Brazilian Panel of Climate Changes (PBMC 2013) denotes indications of rising temperatures 
in different regions.  
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According to the report, for the south states, there is evidence by ground stations 
data analysis of a more accentuate increase in minimum temperature in comparison to the 
maximum ones, and more increase in winter times than summer, for the years of 1960 to 2000. 
The southeast region registered, in 2013, temperatures higher by 1 ºC to 2 ºC relative to the 
average between 1961 and 1990 (Marengo 2014). For the Amazon, there was evidence of an 
increasing of 0,85 ºC/100 years estimated until 2002 (Marengo and Valverde 2007). The 
northeast region also presented tendencies of mean temperature increases, and more frequency 
of dry days (PBMC 2013, Marengo and Valverde 2007, Salati, Campanhol, and Nova, 2007). 
Furthermore, increases in precipitation interannual variation is also highlighted, 
especially in parts of the Amazon and the northeast region (Marengo and Valverde 2007). 
Tendencies of increasing annual precipitation in the south and southeast of Brazil were 
observed, in the order of 0,6 mm by day for 50 years between 1950 and 2008 (Marengo 2014). 
The northeast region is the one that suffers the most with variations of precipitation. Marengo 
and Valverde (2007) point that, statistically, for each 100 years, the region faces droughts in 18 
to 20 of those years. Since 1970, the total volume of precipitation has been smaller than past 
years.  
Extreme climate events also have been presented as more frequently in the past 30 
years, in which occurrences of strong rainfalls in the south and southeast regions were observed. 
The southeast region suffered the worst drought of the last 80 years from 2014 to 2015, and in 
the northeast droughts in 2010 and 2016 were observed (Marengo 2014; Miyamoto, 2017). 
Amazon experienced historical droughts in 2005 and 2010, and floods in the same region in the 
years of 2009, 2012 and 2014.  
Prospects of climate trends and variations point to intensifications in the changing 
processes, considering, also, the uncertainties surrounding climate forecasts58. For the year of 
2100, it was projected, by the Brazilian National Institute for Space Research, a decrease in 
rainfall on northeast semiarid region – of almost 2,5 mm/day in rainy season – and in the north 
Amazon. Increases in temperature could be present in, basically, all regions, with higher 
frequency of heatwaves in the midwest territories. In addition, extreme increasing of rainfall 
could occur with more intensity in the west Amazon, and in the south and southeast regions 
(Margulis and Dubeux 2010).  
 
58 For recent climate projections published by IPCC, see https://www.ipcc.ch/report/ar5/wg1/.  
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All of these events can impact biodiversity, sea levels, energy supply, population 
health status, agricultural production and income generation, to name a few (Marengo and 
Valverde 2007). In the case of livestock and milk production, it could cause different effects on 
the territory, also depending also on structures of production and levels of farmers adaptability 
to climate trends.  
The empirical analysis on next session evaluates the relationship between milk 
production, and mean temperature and total precipitation, as its standard deviations. Yearly and 
seasonal mean temperature and total precipitation does not capture possible variabilities among 
municipalities. For instance, land surface temperature for each municipality in winter and 
summer for the reference years (2006 or 2017) was calculated by the mean of day temperature 
extracted from MODIS Terra product. In that sense, municipalities that presented a higher 
variation of day temperature, which might be prejudicial to milk production, could end up with 
same mean values of the ones with more equilibrated temperature patterns. This is the same 
case of precipitation, in which hypothetically places that have more variation in precipitation 
levels could present similar seasonal values of places with more homogeneous rainfall patterns. 
To deal with such issues, standard deviations of temperature and precipitation was considered 
as indicators of variability in the model.  
Since the idea is to investigate impacts on milk production, these indicators were 
considered seasonally, for summer and winter. Both of these seasons could bring extreme 
opposite temperature and precipitation occurrences. It is interesting to observe how climate 
impacts differently producers considering these seasons separately.  The data were extracted 
from the GEE products described above. It considers the same years from the agricultural 
census of IBGE, 2006 and 2017, for all Brazilian municipalities.  
Due to variability of climate events and long temporality of changes, it is important 
to notice that meteorological data considered in the empirical analysis were not sufficient to be 
characterized as a tendency in temperature and precipitation for other years and climate 
prospects. When considering all climate heterogeneity in the Brazilian municipalities, there is 
a possibility that 2006 and 2017 might represent years that go against average trends of past 
and future ones. Thus, this research analyzes meteorological and not climate impacts on milk 
production in the context of the reference years. 
The investigation of weather effects on milk production with data only from 2006 
and 2017 could expose some indications of how farmers are affected by climate changes, 
especially if different sizes of production were affected diversely.  Scenarios such as what was 
constructed here can point possibilities of deterioration of production of more vulnerable 
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farmers and inequality increases among producers in the country provoked by climate changes 
in the future.  
Section 4 – Impacts of climate indicators on milk production inequalities 
4.1. Introduction: 
This last session presents an empirical analysis of possible temperature and 
precipitation effects on Brazilian milk production and productivity. The central question 
investigated in this research arises from the possibility of meteorological indicators impacting 
differently farmers with dissimilar levels of production, thus increasing inequalities and 
concentration of production in the country.  
To investigate this relationship, first, linear regression models were fitted using the 
Ordinary Least Squares (OLS) estimation method. These models were tested as a first step in 
the investigation, in order to evaluate, among the meteorological indicators referenced in this 
research, which best fitted in terms of statistical significance and expected effects on milk 
production and productivity. 
After that step, and in order to analyze impacts of temperature and precipitation 
changes on milk producers with different levels of production, a quantile regression method 
was applied, also with fixed effects for municipalities and with a binary time variable for the 
years of 2006 and 2017. The goal of this test was to evaluate the possibility of unequal climate 
effects on percentiles of milk production.  
The model data was provided as described in the last sessions. Temperature and 
precipitation indicators were extracted through remote sensing analysis, denoted in the third 
session. Milk sector variables like milk production, milked cows, pasture areas and control 
variables were extracted from the Agricultural Census produced by IBGE59, for all available 
municipalities in 2006 and 2017. 
 
4.2. Average net impacts of climate indicators on milk production  
 
Estimations with the OLS regression method was adopted as the first step in the 
analysis to verify whether there are statistically significant linear relations between milk 
variables and temperature and precipitation indicators selected in this work as possibly relevant 
 
59 https://sidra.ibge.gov.br/pesquisa/censo-agropecuario/censo-agropecuario-2017. 
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to the results of milk production. All models adopted milk production (liters) and milk 
productivity (liters/cow) as dependent variables, and considered data for Brazilian 
municipalities in 2006 and 2017. 
OLS estimation methods were applied for five different models, which were 
constructed based on a Cobb-Douglas production function model60. Each model considered 
different indicators of precipitation and temperature, calculated with daily data – total 
precipitation and mean temperature in 2006 and 2017;  total precipitation and mean temperature 
in 2006 and 2017 and their standard deviations; extreme values of precipitation and temperature 
in 2006 and 201761; mean temperature and total precipitation in summer and winter of 2006 
and 2017; and mean temperature and total precipitation in summer and winter of 2006 and 2017, 
as well as their standard deviations. 
All tested models include as well the same control variables, with the intention to 
filter meteorological effects on milk production. The estimation was controlled by milked cows 
– considered the central input in production –, size of farms in hectares, quantity of farm’s 
degraded pasture area, whether the farm has tractors – consider here as a proxy for technology 
–, farmers age, educational level and if they had technical orientation. All these indicators where 
calculated in terms of proportions in relation to total farms or, for size and degraded pasture, 
total area of farms. 
The model included fixed effects for all municipalities in the country to control non-
observed municipal characteristics that barely changed between 2006 and 2017, such as 
institutional development, soil levels of carbon and PH, soil terrains, among other factors. 
Moreover, it included a binary time variable considering the years of 2006 and 2017, to filter 
possible variations provoked by the difference of time.  
The best fit in terms of impacts and statistical significance was the model that 
adopted, as independent variables, summer and winter mean temperature and total precipitation 
with their standard deviations, as well as control variables, and milk production as dependent 
variable (table 8). The results for the other tests are found in the appendices (Tables D to I).  
Table 7 presents a description of the variables adopted. While municipalities mean 
precipitation in summer presented a higher value in 2017 than 2006, with a difference of 40,91 
mm, in winter this value was lower in 2017, with a difference of -43,14 mm from 2006. The 
 
60 See Cobb and Douglas (1928) for the theoretical fundaments of the Cobb-Douglas production function model. 
61 The extreme events of precipitation and temperature were calculated by statistical method: for higher values of 
temperature (precipitation) were considered the mean (sum) plus two times the standard deviation, and for lower 
the mean (sum) minus two times the standard deviation.  
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variability of precipitation between municipalities, measured by variables standard deviation, 
was also higher in 2017 in relation to 2006 in summer, but lower in winter.  
In the comparison between seasons, for both years the municipal mean and standard 
deviation values of precipitation were higher for summer than winter. Mean municipal 
precipitation differences between summer and winter increased in 2017 comparatively to 2006. 
This difference went from 323,46 mm in 2006 to 407,51 mm in 2017, meaning, in average, 
higher levels of precipitation in the summer and a drier winter in 2017. Furthermore, the 
variability of precipitation between municipalities were higher in summer than winter for both 
years, meaning a bigger disparity of precipitation incidence on summer. This difference of 
variability between summer and winter was higher in 2017 than 2006.   
Moreover, mean summer temperature where almost the same in those years, but 
mean winter temperature was more disparate in 2017 than 2006, with a difference of 1°C 
between these years. In average, it is colder in winter, but not substantially different from 
summer, probably due to the continental range of the country and its variety of climate 
situations in the municipalities. Unlike precipitation, temperature variability between 
municipalities was higher in winter relative to summer, where the difference between winter 
and summer temperature standard deviations decreased from 1.9 mm in 2006 to 1.59 mm in 
2017. In other words, in winter the inequalities between mean temperatures – considering 2006 
and 2017 – was higher than summer, meaning possible different conditions of production 
among municipalities.  
In the comparison between 2006 and 2017 for control variables, mean number of 
milked cows in Brazil increased, but also its standard deviation, which could represent a higher 
concentration of production in the country. Farmers with secondary education were more 
present in 2017 than 2006, as with farms with tractors. On the other hand, farmers that had 
technical orientation decreased and the proportion of degraded pasture area were higher in 2017, 
as were its variability of incidence.  
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Table 7: Model variables descriptive statistics 
 
Variable Description 
Mean and 
standard 
deviation 2006 
Mean and 
standard 
deviation 2017 
Milked cows Number of milked cows 
2588,17 
(3515,58) 
2607,69 
(4705,52) 
Summer 
precipitation 
(millimeters) 
Total summer 
precipitation 
480,33 
(221,68) 
521,24 
(303,05) 
Winter precipitation 
(millimeters) 
Total winter 
precipitation 
156,87 
(130,06) 
113,73 
(125,23) 
Summer 
temperature 
(Celsius) 
Mean temperature in 
the summer 
29,34 
(2,87) 
29,32 
(3,53) 
Winter temperature 
(Celsius) 
Mean temperature in 
the winter 
27,01 
(4,77) 
28,01 
(5,12) 
Farms with at least 
100 hectares 
Proportion of farms 
with total area of 
more than 100 
hectares 
0,07 
(0,10) 
0,07 
(0,10) 
Secondary 
education 
Proportion of farms 
whose owner has 
secondary level 
education or more 
0,15 
(0,11) 
0,25 
(0,13) 
Farmers 45 years 
old and older 
Proportion of farms 
whose owner has 45 
years old or older 
0,36 
(0,09) 
0,26 
(0,09) 
Technical 
orientation 
Proportion of farms 
whose owner has 
technical orientation 
0,30 
(0,23) 
0,24 
(0,21) 
Pasture degraded 
area 
Proportion of 
degraded pasture area 
0,06 
(0,06) 
0,10 
(0,13) 
Tractors Proportion of farms with tractors 
0,15 
(0,16) 
0,18 
(0,19) 
Source: Elaborated by the author with data from IBGE Censo Agropecuário, CHIRPS Daily 
Version 2.0, MOD11A1 Version 6. 
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Table 8 presents the results of the model chosen as best fit among the ones tested. 
The estimates of summer and winter total precipitation are statistically significant at 0,1% of p-
value. For both milk production and productivity these estimates suggests a negative effect of 
precipitation on milk production. Holding constant other factors, an increase in 1 millimeter of 
precipitation in the summer would decrease, in average, milk production in 0,04% considering 
the country level. For winter, this negative impact would be of 0,13%.  
Both winter and summer precipitation standard deviation estimates suggest a 
positive effect of precipitation variability on milk production and productivity62, considering 
daily precipitation in each municipality. Yet, summer values are statistically significant at 0,1% 
of p-value and winter at 5%. That is, higher differences of precipitation incidences in each day 
in summer and winter are positive for milk production, according to model results. Also, 
precipitation variability affects more production and yields in summer than winter. 
Mean temperature estimations suggest for both summer and winter a negative effect 
on production and productivity, although summer values were not statistically significant. 
Holding other factors constant, an increase of 1°C in mean winter temperature could decrease 
milk production in 4,38% and yields in 4,44%. Results are statistically significant at 0,1% of p-
value. 
Summer temperature standard deviations presented statistical significance at 1% of 
p-value and negative impacts on milk production and yields. According to the model, this means 
that the variability of daily temperature in the summer are not favorable for milk production 
and productivity. Such relation is positive when considering daily temperature variability in 
winter, according to estimates, in which an increase in 1°C in winter temperature standard 
deviation lead to an increase of 6,5% in milk production, with a statistic significance of 0,1% 
of p-value.  
Besides milked cows, the only statistically significant control variable was the 
proportion of farms with tractors. With a possible positive effect on production and yields, 
holding all other factors constant, farms with tractors influence in almost one by one milk 
production and productivity.  
 
62 While in table 8 the standard deviation calculation represents the variation of the mean temperature (total 
precipitation) in each municipality, the standard deviation of seasonal temperature (precipitation) considered in 
the model represents the variation of daily temperature (precipitation) in the season of reference for each 
municipality.  
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Table 8: Estimated marginal effects for log of yields (liters/cow) and for log of milk 
production (liters) as dependent variables 
 
Independent Variables Coefficients  log(milk production) Coefficients log(yields) 
log (milked cows) 
0,9673*** 
(0,011) 
  
- 
Total summer precipitation 
(millimeters) 
-0,0004*** 
(0,000)  
-0,0004*** 
(0,000)  
Summer precipitation 
standard deviation 
0,0193*** 
(0,004)  
0,0189*** 
(0,004)  
Total winter precipitation 
(millimeters) 
-0,0013*** 
(0,000)  
-0,0013*** 
(0,000)  
Winter precipitation 
standard deviation 
0,0090* 
(0,004)  
0,0086* 
(0,004)  
Mean summer temperature 
(Celsius) 
-0,0047 
(0,005)  
-0,0037 
(0,005)  
Summer temperature 
standard deviation 
-0,0304** 
(0,010)  
-0,0297** 
(0,010)  
Mean winter temperature 
(Celsius) 
-0,0438*** 
(0,006)  
-0,0444*** 
(0,006)  
Winter temperature standard 
deviation 
0,0647*** 
(0,010)  
0,0646*** 
(0,010)  
Farms with at least 100 ha -0,0889 (0,177)  
-0,1076 
(0,177)  
Secondary education 0,1162 (0,116)  
0,1056 
(0,116)  
Farmers 45 years old and 
older 
-0,1260 
(0,124)  
-0,1267 
(0,124)  
Technical orientation -0,0405 (0,050)  
-0,0380 
(0,050)  
Pasture degraded area -0,1040+ (0,057)  
-0,0940+ 
(0,057)  
Tractors 0,9707*** (0,111)  
0,9725*** 
(0,111)  
 
Source: Elaborated by the author with data from IBGE Censo Agropecuário, CHIRPS Daily 
Version 2.0, MOD11A1 Version 6. 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
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Maps 6 and 7 illustrate temperature and precipitation total effects on milk 
production for each municipality. These total effects were calculated from estimates presented 
in Table 9. Temperature (precipitation) differences between 2017 and 2006 in summer and 
winter, illustrated by Maps 4 and 5. So Map 6 (and 7) presents the sum of summer and winter 
effects of the difference in temperature (precipitation) between 2017 and 2006 on milk 
production, based on estimated impacts of this climate factors in Table 9: 
 
(Ts17 – Ts06) * 𝛽ts + (Tw17 – Tw06) * 𝛽tw,  
 
where T refers to the temperature value (or precipitation value, in case of Map 7), s and w refers 
to summer or winter, 17 and 06 refers to 2017 and 2006, and 𝛽ts and 𝛽tw refers to the marginal 
effects of temperature (precipitation) in summer and winter, in which for log-linear least square 
models 𝛽 = !"#(%)!' 	 (Y = milk production and X = temperature or precipitation). 
From Map 6 it is possible to realize that most relevant positive impacts of 
temperature suggested by estimates occurred close to the coast, especially in the northeast and 
southeast regions, where increases in temperature in the balance of summer and winter 
expanded milk production. Map 4 shows the decrease in temperature in 2017 relative to 2006 
in coastal municipalities, especially in winter, and since according to estimates, the lower the 
temperature, the higher the milk production (Table 9) – with a higher effect for winter than 
summer –, a decrease in temperature was favorable to milk production.  
When further away from the coast, the majority of municipalities presented a 
reduction in milk production, especially in the northeast and north part of the country, given the 
differences in temperature in 2006 and 2017, considering all other factors constant.  According 
to Map 4, in the northeast region there was a steeper rise in temperature in the summer, 
influencing this negative effect. In most of the north municipalities, despites a decrease of 
temperature in the summer of 2017 relative to 2006, an increase in temperature between these 
years was observed in winter, which causes the negative impact of temperature in that territory 
presented by Map 6.  
In some municipalities of the southeast and south regions temperature difference 
between 2006 and 2017 was more favorable to milk production. In southeast, lower 
temperatures were observed in 2017 relative to 2006 in some municipalities for both summer 
and winter (Map 4). In general, the south presented higher temperatures in 2006 relative to 2017 
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in the summer, the opposite occurring in winter. However, in the extreme southern 
municipalities the differences in summer were more accentuated than winter (Map 4), which 
explain the positive effect on milk production (Map 6).  
According to Table 8, the model estimates presented, in average, a negative effect 
of precipitation on milk production, with a coefficient of -0,0004 for summer, and -0,0013 for 
winter (Table 9). When considering the impacts of precipitation difference between 2006 and 
2017 on milk production, the majority of municipalities presented a slightly positive impact on 
milk production (Map 7). This effect can be explained by reductions in precipitation on some 
municipalities in 2017 relative to 2006, especially in winter and, more specially, in the southeast 
and some parts of the south, where milk production is concentrated (Map 5).  
The extreme south, extreme north and some parts of coastal areas were more 
negatively affected by these changes. In some north municipalities, even with a lower value of 
precipitation in winter in 2017 relative to 2006 (Map 5), the accentuated increase of 
precipitation in summer lead to the balanced effect to be negative for milk production. In the 
extreme south, precipitation levels increased in both summer and winter when comparing these 
years, which also generated a negative impact on milk production. 
 
Map 6: Temperature differences between 2017 and 2006 estimated effects on milk 
production (%) 
 
 
Source: Elaborated by the author with data from IBGE Censo Agropecuário, CHIRPS Daily 
Version 2.0, MOD11A1 Version 6. 
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*The undefined municipalities in the map were the ones without milk production data. 
Map 7: Precipitation differences between 2017 and 2006 estimated effects on milk 
production (%) 
 
 
 
Source: Elaborated by the author with data from IBGE Censo Agropecuário, CHIRPS Daily 
Version 2.0, MOD11A1 Version 6. 
*The undefined municipalities in the map were the ones without milk production data. 
 
 
Based on these first results, in general higher temperatures causes negative impacts 
on milk production in Brazil, probably due to animal heat stress, and deterioration of pastures 
and feed production. Conversely, precipitation increases affected negatively milk production in 
the estimations, which could be unusual given the importance of precipitation for the generation 
of more access to water, better balances of animal thermoregulation and pasture conditions.  
Despite the lack of statistical significance of some variables in the model and 
negative impacts of precipitation, this first step used OLS estimation to decide what model 
could generate more significant results when considering quantile regression, since the final 
goal of this section is to verify differences in meteorological effects between small and large 
levels of production of municipalities. Thus, the next step in the empirical analysis was to 
estimate precipitation and temperature effects on milk production using same variables of the 
model above, but estimating for quantiles of milk production. 
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4.2.2. The net impacts on quantiles of milk production  
The milk sector in Brazil is characterized by its heterogeneous production 
conditions among different parts of the country, especially in inequalities of amount produced 
and productivity among municipalities. Given this plurality, the next step was to investigate 
whether surface temperature and levels of precipitation in 2006 and 2017 could have caused 
different effects in distinctive levels of milk production.  
For this purpose, a quantile regression method for longitudinal data was applied 
with fixed effects for municipalities and with a binary variable for 2006 and 2017 (Koenker 
2004), as described above for the first models tested with the OLS method. This model 
calculated linear relations between dependent and independent variables for each percentile 
considered. In that case, milk production (in logarithmic form) was separated in five percentiles: 
0.10 municipalities that least produced milk; 0.25 (first quartile), 0.5 (median), 0.75 (third 
quartile), and 0.90, the tenth percent municipalities that most produced milk.  
Before discussing the regression results, Table 9 presents characteristics of 
production for municipalities groups separated by decile levels of total milk produced in 2006 
and 2017, to serve as a reference for regression results interpretation. The concentration of milk 
production in the 10th group of municipalities that most produced milk is clear, with 48% of the 
total of milk production in 2006, and 53% in 2017. For the 9th group, its participation was of 
18,8% in 2006 and 19% in 2017, revealing concentration and inequalities in the Brazilian milk 
sector.  
Yields (liters produced by milked cow) also were unequal in these groups. While 
there was an increase in productivity in all deciles from 2006 to 2017, the upper levels of 
production improved more than the lower ones, and yield differences between the 10th and 1st 
deciles increased from 1.266,61 in 2006 to 2.860,66 in 2017.  
From Table 9, it is also possible to realize higher total quantity of pasture areas in 
groups of municipalities that produce more milk, which could indicate that lower producers are 
smallholder farmers with small size areas.  
In fact, in 2006, municipalities from the 6th to 10th deciles of production 
concentrated 72,5% of the total pasture area, which reduced to 71,18% in 2017 – maybe due to 
improvements in productivity or environment variations. In addition, it is noteworthy that the 
50% that produced milk the least concentrated less than 10% of production both for 2006 (7,9%) 
and 2017 (6,4%), while 10% of the most productive concentrated around 50% of production, 
with inequalities increasing in between these years.  
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Table 9: Milk production, yields and pasture area by deciles of milk production, for 2006 
and 2017 
 
Decile Yield 2006 
Yield 
2017 
Relative 
Milk 
Production) 
2006 (%) 
Relative 
Milk 
Production  
2017 (%) 
Relative 
Pasture 
Area  
2006 (%) 
Relative 
Pasture 
Area  
2017 (%) 
1 843,96 874,19 0,19 0,08 2,05 2,05 
2 1014,04 1139,15 0,65 0,34 3,77 3,67 
3 1141,58 1394,37 1,25 0,77 5,11 4,63 
4 1215,15 1728,67 2,14 1,46 7,35 7,99 
5 1299,68 1900,26 3,49 2,58 9,20 10,47 
6 1399,85 2169,00 5,34 4,33 11,00 10,10 
7 1559,15 2370,26 7,86 6,76 10,84 12,32 
8 1733,51 2718,05 11,91 11,11 15,71 14,03 
9 1905,12 3042,99 18,84 19,03 12,29 13,03 
10 2110,57 3734,85 48,33 53,55 22,67 21,70 
Source: Elaborated by the author with data from Censo Agropecuário IBGE 
 
Given this brief characterization of milk producer municipalities in Brazil, Table 
10 presents the result of the quantile regression for different levels of milk production. It was 
considered as a dependent variable the logarithm of milk production, and same control and 
meteorological variables used in the first regression model above as independent ones, as well 
as fixed effects for region and a binary of year.   
When considering different sizes of production in estimation, according to 
estimates, an increase in summer precipitation causes a small yet positive impact on milk 
production in all percentiles except the 0.9 one. Estimations were statistically significant at 5% 
of p-value for the 10% that least produced milk, and at 0,1% of p-value for the next two 
percentile levels, with no significance for the 0.75 and 0.9 percentiles of production. 
Considering the first two percentiles, an increase of 1 mm in precipitation would increase milk 
production in 0,02%.  
On the other hand, according to estimations winter precipitation increases were 
negatively related to milk production. The estimates were statistically significant at 0,1% of p-
value for the 0.1, 0.5 and 0.75 percentiles and at 1% for the 0.25 and 0.9 ones. Considering 
constant other factors constant, the model results showed that an increase of 1 mm in 
precipitation would influence negatively in 0,08% milk production for the 10% municipalities 
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that produced milk the least, and around 0,04% to 0,05% for the other municipalities 
percentiles. That is, small percentiles of production are more affected by winter increases in 
precipitation.  
Summer precipitation variability was not statistically significant, but winter 
precipitation standard deviations are positively related to milk production. Considering all other 
factors constant, an increasing in 1 mm in the value of precipitation standard deviation in winter 
expands production in 4,6% for the 10% that less produced milk. These positive effects are 
reduced for large producers, of 2,8% of the 0,75 percentile and 1,9% for the 10% municipalities 
that most produced. 
When considering temperature, mean summer values generated positive effects on 
milk production according to the model. All estimates had a statistical significance at 0,1% of 
p-value and presented a decrescent effect on milk production when considering crescent levels 
of milk produced in municipalities. Considering all other factors constant, an increase in 1°C 
impacts positively in 2,6% milk production for 0.1 percentile, while for 0.5 percentile the effect 
is of 1,7% and goes down to around 1,4% for the 0.9 percentile.  
Mean winter temperature estimates were also statistically significant at 0,1% of p-
value. When compared to mean summer temperature, estimates for winter show a higher impact 
and is negatively related to milk production. This effect is decrescent for the first three 
percentiles of production, then it gets higher for the 0.75 percentile, and lower for the 10% that 
produced the most. While for the 10% municipalities that least produced milk an increase in 
1°C on winter mean temperature impacts in -3,17% milk production, for the 0.9 percentile this 
percentage is of -2,89%, considering all other factors constant. This also reveals also lower 
impact differences between percentiles in winter temperature than in summer ones.  
When considering temperature standard deviations, winter temperature presented 
statistical significance at 0,1% of p-value for all estimates, and the summer one was significant 
at 5% of p-value just for the first and second percentile of production. The estimates for these 
first two percentiles (0.1 and 0.25) presented a negative impact of summer temperature 
variability on milk production, when standard deviations increase in 1°C, milk production 
would be negatively affected in 2,42% and 2,02%, respectively, considering constant other 
factors.  
Winter temperature variability presented a positive impact on milk production, 
though, also decrescent when considering crescent percentiles of municipal production. For the 
10% that least produced milk, an increase of 1°C in winter temperature standard deviations 
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would impact positively in 6% milk production. For the median, this percentage went to 5,16% 
and to 4,74% for the 10% that most produced.  
Control variables assumed in the test were all statistically significant at 0,1% of p-
value. In general, the estimates presented the expected effects on milk production. The 
educational level of the farm owner, technical orientation and the use of tractors are all positive 
related to production. It could be observed that technical orientation impacts more low 
production municipalities than large ones and the ownership of tractors is more important for 
large ones than for lowers ones. On the other hand, older farmers (45 years old or older), 
degraded pasture areas and large areas are negatively related to milk production, according to 
estimations. The age and level of degraded pasture area are more important for the first three 
percentiles of production assumed by the model.  
In summary, the quantile regression estimations of temperature and precipitation in 
summer or winter are favorable to milk production when they are in line with the average trend 
of the country’s seasons. In other words, when the mean temperature is high in summer or low 
in winter, and when precipitation is high in summer and low in winter.  
When considering winter results, one possible interpretation is that the combination 
of temperature and precipitation could increase the possibility of heat stress on cows, which 
could be prejudicial for milk production. Conversely, model estimations show that a high 
precipitation and temperature in summer could be positive for milk production, going against 
the heat stress hypothesis.  
Despite different effects of temperature and precipitation in winter and summer, 
according to estimations the 10% municipalities that least produced milk presented a higher 
sensitivity to the precipitation and temperature factors assumed in the model, especially when 
compared to 0.75 percentile and the 10% municipalities which most produced milk. This last 
group of production presented lower estimated coefficient values for the model meteorological 
factors. One possible hypothesis for this is that municipalities with large production could have 
a higher resiliency capacity than small ones, having their milk production less affected, 
positively or negatively, to climate variations. 
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Table 10: Marginal effects of quantile regression for log of milk production as dependent 
variable 
 
Independent Variables 0.1 0.25 0.5 0.75 0.9 
intercept 4,8658*** (0,125)  
5,3700*** 
(0,104)  
5,9765*** 
(0,100)  
6,4607*** 
(0,092)  
6,7459*** 
(0,132)  
log(milked cows) 1,1976*** (0,006)  
1,1707*** 
(0,004)  
1,1373*** 
(0,004)  
1,1071*** 
(0,004)  
1,0956*** 
(0,006)  
Total summer 
precipitation 
(millimeters) 
0,0002* 
(0,000)  
0,0002*** 
(0,000)  
0,0001*** 
(0,000)  
0,0001 
(0,000)  
-0,0001 
(0,000)  
Summer precipitation 
standard deviation 
0,0077 
(0,006)  
0,0060+ 
(0,004)  
0,0054+ 
(0,003)  
0,0065+ 
(0,003)  
0,0042 
(0,004)  
Total winter 
precipitation 
(millimeters) 
-0,0008*** 
(0,000)  
-0,0004** 
(0,000)  
-0,0004*** 
(0,000)  
-0,0005*** 
(0,000)  
-0,0004** 
(0,000)  
Winter precipitation 
standard deviation 
0,0458*** 
(0,006)  
0,0302*** 
(0,005)  
0,0338*** 
(0,004)  
0,0283*** 
(0,004)  
0,0189*** 
(0,004)  
Mean summer 
temperature (Celsius) 
0,0259*** 
(0,004)  
0,0223*** 
(0,003)  
0,0173*** 
(0,003)  
0,0160*** 
(0,003)  
0,0138*** 
(0,004)  
Summer temperature 
standard deviation 
-0,0242* 
(0,012)  
-0,0206* 
(0,009)  
-0,0144+ 
(0,007)  
-0,0022 
(0,006)  
0,0079 
(0,010)  
Mean winter 
temperature (Celsius) 
-0,0317*** 
(0,003)  
-0,0311*** 
(0,003)  
-0,0298*** 
(0,002)  
-0,0319*** 
(0,002)  
-0,0289*** 
(0,003)  
Winter temperature 
standard deviation 
0,0600*** 
(0,010)  
0,0568*** 
(0,007)  
0,0516*** 
(0,007)  
0,0525*** 
(0,008)  
0,0474*** 
(0,011)  
Farms with at least 
100 ha 
-0,6245*** 
(0,077)  
-0,7134*** 
(0,061)  
-0,7458*** 
(0,062)  
-0,7015*** 
(0,062)  
-0,6952*** 
(0,077)  
Secondary education 0,6192*** (0,079)  
0,6106*** 
(0,069)  
0,5941*** 
(0,055)  
0,5757*** 
(0,063)  
0,6513*** 
(0,086)  
Farmers 45 years old 
and older 
-0,4031*** 
(0,094)  
-0,5285*** 
(0,078)  
-0,5296*** 
(0,076)  
-0,3856*** 
(0,075)  
-0,2869** 
(0,106)  
Technical orientation 0,5181*** (0,043)  
0,4791*** 
(0,035)  
0,4095*** 
(0,031)  
0,3662*** 
(0,028)  
0,2957*** 
(0,045)  
Pasture degraded area -0,6371*** (0,133)  
-0,4596*** 
(0,085)  
-0,3931*** 
(0,050)  
-0,2661*** 
(0,060)  
-0,2014** 
(0,075)  
Tractors 0,3467*** (0,054)  
0,3940*** 
(0,052)  
0,4087*** 
(0,050)  
0,4507*** 
(0,054)  
0,5706*** 
(0,066)  
Factor(year) 0,0952*** (0,021)  
0,1722*** 
(0,014)  
0,2036*** 
(0,013)  
0,2501*** 
(0,012)  
0,2628*** 
(0,018)  
 
Source: Elaborated by the author with data from IBGE Censo Agropecuário, CHIRPS Daily 
Version 2.0, MOD11A1 Version 6. 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, + Significant at 10%. 
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Map 4 shows that when considering 2006 and 2017, increases in temperature in 
winter were more frequent in municipalities than in summer. According to model estimations, 
if higher temperatures in winter – which could be understood also as “shorter” winter seasons 
– represent a climate trend, milk production in Brazil could be impaired, and increase 
inequalities among municipalities with small and large production, once temperature impacts 
differently  the percentiles of production in the country, according to the model estimates.  
Mean winter precipitation is also negatively related with production according to 
estimates, but winter precipitation in 2017 was in general lower than 2006, which could be 
favorable for production. In some parts of the country, especially in the north and some south 
municipalities, there was a combination of increases in precipitation in summer and reductions 
in winter, which, based on the model estimates, could be favorable to production in both 
seasons, especially for low production municipalities that are more sensitive to climate factors 
(Map 5). The opposite was observed in other municipalities, for example, in the northeast 
region, where, as presented in Map 5, there was a reduction in mean precipitation levels in the 
summer and an increase in winter, which could affect the inequalities among regions and among 
municipalities with small and large production in the country.  
Precipitation standard deviations were positive related to milk production for both 
summer and winter, in all percentiles of production. In other words, the variation of days with 
high or low precipitation it is better for milk production than having a constant trend. This could 
make sense, as rainy days alone or more drier days could not be favorable, for example, to feed 
production. 
The results of same quantile regression but for Brazilian biomes63, separating 
municipalities according to their specific biome, are found in Tables J to L, in the appendices. 
With the exception of Mata Atlântica, the majority of variable’s estimates for the biomes were 
not statistically significant.  
For the Amazon (Table J), the estimates that were statistically significant were the 
summer precipitation standard deviation for the 0.5 percentile (-0,017), the summer temperature 
standard deviation for the first percentile (-0,119), and the mean winter temperature for the first 
three percentiles (0,046; 0,032 and 0,024, respectively). In terms of precipitation standard 
deviation, the results differ from the aggregate of Brazil (Table 10), once more precipitation 
variability is negative for production. The same idea for mean winter temperature, which is 
 
63 With the exception of the Pantanal biome, where the number of observations were too low to calculate the 
quantile regression with statistical significance. 
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negative for the country’s aggregate, but positive for the Amazon biome – hot winters are 
positive for production. But still, municipalities with lower levels of milk production have 
higher estimate values.  
When considering Cerrado’s results (Table K), the total winter precipitation as its 
standard deviations estimates were statistically significant, with exception of the 0.9 percentile, 
and presented negative values, in consonance with the country’s aggregated results. Mean 
winter temperature was significant too for all percentiles, with a negative impact on production 
– same as Brazilian results – but showing municipalities with lower level of production as less 
affected than higher ones.  
The Caatinga biome (Table L) presented statistically significant estimates for mean 
summer and winter temperature. They also presented the same tendency of Brazilian aggregated 
results, with negative impacts of winter temperature and positive for summer. The Pampa biome 
(Table N) did not present statistically significant estimations for meteorological variables. 
Finally, the Mata Atlântica biome estimates were statistically significant for all 
meteorological variables. It also represents the locus of milk production in Brazil. The results 
differ from the country’s aggregated ones, though. The total precipitation on summer and winter 
caused no substantial effect on milk production. Mean temperature in summer and winter 
followed the same tendency of the country, positive for summer and negative for winter, with 
higher effects for municipalities with lower percentiles of production. Precipitation standard 
deviations in summer were negative for the 0.25, 0.5 and 0.75 percentiles, different from the 
country’s aggregate tendency, but positive for summer, consonant with Brazilian average 
effect.  
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Conclusions 
This work aimed to explore the possible uneven effects of temperature and 
precipitation on milk production in Brazil. Specifically, the goal was to analyze whether 
municipalities with less amount of milk produced were more accurate to these meteorological 
impacts than municipalities with higher levels of milk production.  
Section one presented a synthetic literature review of climate change impacts on 
dairy production and possible adaptation measures. These effects could be direct, where climate 
affects cow’s metabolic functions, especially provoking heat stress situations, and indirect 
effects, such as impacts on food production, water availability, diseases incidences and 
biodiversity of cow’s breeds. Some adaptation measurements include the use of shelters, fans, 
water sprinklers and showers for animal’s heat alleviation, breeding to generate cows more 
resistant to heat and efficient in milk production, changes in animal´s nutrition, increasing 
knowledge about climate trends to plan ahead feed and water availability in adverse conditions, 
involve other actors in the process to spread information about climate tendencies, subsidies 
and insurances, and production diversification.  
Section two illustrated general characteristics of dairy sector in Brazil. It aimed to 
analyze the Brazilian position in the dairy international market, some institutional sector 
transformations, the country’s level and evolution of milk production and productivity and how 
these features are geographically distributed in the country, considering regions, municipalities 
and biomes as territorial levels.  
Based on the data available by the Brazilian Institute of Geography and Statistics 
(IBGE), milk production and productivity are concentrated in southeast and especially in the 
south region, where municipalities are progressively increasing levels of production and yields. 
Several conditions could explain the success of production in the south, such as climate, better 
distribution of land, higher levels of education and technical knowledge, the efficient 
organization into cooperatives, just to name some. On the other hand, the northeast and north 
municipalities presented the lowest levels of production and productivity in the country, 
revealing the trend in concentration of Brazilian milk production.  
The Mata Atlântica biome was the one with the best indicators of production and 
productivity in the country. Conversely, when considering the quantity of milk produced 
relative to the number of milk farms in each biome, Caatinga presented the worst indicators, 
illustrating the hard conditions of production given the number of farmers in the territory.  
Despite modernizations in the Brazilian dairy sector – especially after the 1990s 
when regulations started to be more rigid in terms of milk quality and production conditions 
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and market liberalization increased competition –, the size of internal market and favorable 
conditions in the country reveal that there are still spaces for improvements in the sector. 
Measure such as increases in milk quality, technology adoptions, organizations on the 
production chain, cooperatives, better distribution of production, and incentives to increase 
yields in other regions of the country, especially in more vulnerable ones, could improve the 
international position of Brazil in this sector.   
Section three discusses the methodology for meteorological data extraction and 
indicators for the research’s empirical tests. Daily values of temperature and precipitation in 
Brazil were collected from satellites imagery products available in the platform Goggle Earth 
Engine, to calculate indicators for testing relations with milk production and productivity, 
especially yearly and seasonal means and standard deviations of temperature and precipitation.  
Finally, section four presents an empirical analysis of possible relations between 
this meteorological indicators and milk production and productivity. The first step was to test 
different combinations of temperature and precipitation indicators in the milk 
production/productivity model adopted, with longitudinal data considering all Brazilian 
municipalities which the data was available and the years of 2006 and 2017.  The test was made 
using the Ordinary Least Squares (OLS) statistical regression method to verify which model 
produced the best results in terms of statistical significance and expected effects.  The model 
that incorporates mean temperature and total precipitation, as their standard deviations, 
presented the best result.  
Given this definition, the second test was to verify whether these climate factors 
impacted unequally different percentiles of milk production. For that, a quantile regression 
method was applied in a milk production function to estimate statistical relations between 
temperature and precipitation indicators with milk production. In that method, the Ordinary 
Last Squares (OLS) method was tested for different percentiles of milk produced in Brazilian 
municipalities in 2006 and 2017.  
Results illustrated that, in fact, according to the model estimates assumed in this 
work, the lower percentiles of milk production are more accurate to climate indicators, 
particularly the 10% municipalities that least produced milk. In average, summer precipitation 
and mean summer temperature caused a positive effect on milk production, the opposite 
occurring in winter. Precipitation variabilities in summer and winter temperature variability 
presented as positive to milk production, while summer temperature standard deviation was 
negative related to milk production and only statistically significant for the two first percentiles.  
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When considering municipalities with lower levels of production as a proxy for 
smallholder producers, since the ones who produced milk the least tend to be more vulnerable 
to climate factors, given their reduced sources of capital, technology, technical orientation, and 
sometimes these producers are located in hard environmental conditions to produce, especially 
in poorer regions of the country like the semiarid one, in which their possibility to thrive as 
milk producers could be undermine by climate changes, depending on how these trends take 
shape in the future. This fact, in conjunction with the recognition by most productive producers 
in Brazil that there is more room to expand their productivity and an internal and external 
market for its products could lead to a higher milk production concentration in the country.  
Despite empirical tests showing an indication of higher accuracy of the 10% that 
least produced milk, it is substantial to discuss some limitations present in this work. Ideally, 
the spatial data should bring information at a farm level, in order to compare how different 
farms sizes in terms of milk quantity produced and productivity responded to climate factors. 
This information is not publicly available at IBGE database. Hence, the research assumed the 
municipal level as proxy for farms, for being the lowest territorial level with available data. 
Such assumption could bring bias to the results, once one municipality with a low amount of 
milk produced, for example, may be represented by one large producer, or municipalities with 
same values of milk production could not necessarily be represented by same sizes of milk 
producers.  
In regard to climate data, this work denoted that relative humidity is a common 
indicator considered in the evaluation of animal heat stress, once its combination with higher 
temperatures makes it harder for the animal to auto-regulate his internal heat balance. Instead 
of relative humidity and the Temperature-Humidity Index, the empirical analysis elaborated in 
section four considered precipitation and temperature as climate indicators. Once relative 
humidity in Brazil was not an indicator available by Google Earth Engine products, it would 
take a higher effort to produce this indicator based on other satellite information, which can be 
done in future works.  
In addition, as mentioned in section three, the consideration of two years in the 
analysis is not sufficient to characterize any result as a fruit of climate changes, being necessary 
to consider, for instance, a range of thirty years or so. For that reason, the indicators were 
explored as meteorological factors, and not climate characteristics.  
In section two, the Moran’s Index results indicated the possible presence of spatial 
autocorrelation in the data, with clusters of high levels of production in the south and southeast 
regions and low levels in the north and northeast. Thus, a next step in the analysis is to include 
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tests considering spatial regressions for investigating in which level the geographical proximity 
between municipalities favors the development and modernization of production, method that 
was not applied in this research’s empirical analysis.  
Moreover, sometimes climate impacts are not immediate, for example, changes in 
precipitation and temperature levels could change food production conditions later – like soil 
deterioration and levels of CO2 in the atmosphere, and the producer could be ready for the 
immediate change with reservoirs of water and silage, for example, and milk production could 
reduce its levels in the future only, in case unfavorable climate conditions persist. So, a test 
considering a time lag between climate and milk production could give extra information about 
the producer’s responses to climate factors.  
Once climate can impact not only the milk production directly, but other steps in 
the production chain – for example, the crops of soil and corn used for silage production -, it 
would be interesting to consider an analysis with the costs components of milk production, to 
verify the importance of climate in the rise of the price of parts of this cost, turn the production 
more expensive or maybe inviable. The sources of available data in Brazil for milk costs could 
represent a challenge to this analysis, though.  
The milk production function constructed in this work assumed a linear relation 
between amount produced/yields and climate indicators. But in reality, one could assume that 
this relation may not be linear. Since dairy cows presents a range of temperature which are most 
effective for production, air temperature continuous increases or decreases will at some point 
not be favorable to production. The same occurs to precipitation, in which extreme levels could 
deteriorate production. Empirical analysis that assumed no linear relations could bring extra 
information about how climate affects milk production in the country.  
All these issues represent possible advances in the analysis, which could bring more 
accuracy to the relationships between climate factors and the Brazilian milk sector. 
Notwithstanding, the present research contributed to the discussion of the Brazilian milk sector 
development by exploring the relationship between precipitation and temperature and milk 
production in a country level, considering all Brazilian municipalities. Climate changes are a 
central concern for the global economy and society, and its impacts are more direct and evident 
in the rural sector, which embraces a substantial part of population and is central for food 
security. This study includes the climate component as a central factor in milk production, not 
only by impacting the sector as a unity, but also considering its importance to determine the 
livelihood of groups with small production and possibly more vulnerable to climate impacts.  
  
 
88 
References  
 
ABIEC. 2019. “Perfil Da Pecuária No Brasil.” BeefREPORT, 49. 
http://www.abiec.com.br/controle/uploads/arquivos/sumario2019portugues.pdf. 
Agostinho, F., M. W. Oliveira, F. M. Pulselli, C. M.V.B. Almeida, and B. F. Giannetti. 2019. 
“Emergy Accounting as a Support for a Strategic Planning towards a Regional Sustainable 
Milk Production.” Agricultural Systems 176 (March). 
https://doi.org/10.1016/j.agsy.2019.102647. 
Archer Van Garderen, E. R.M. 2011. “Re Considering Cattle Farming in Southern Africa under 
a Changing Climate.” Weather, Climate, and Society 3 (4): 249–53. 
https://doi.org/10.1175/WCAS-D-11-00026.1. 
Atrian, Pejman, and Habib Aghdam Shahryar. 2012. “Heat Stress in Dairy Cows (A Review).” 
Research in Zoology 2 (4): 31–37. https://doi.org/10.5923/j.zoology.20120204.03. 
Belsare, V. P., and Vyas Pandey. 2008. “Management of Heat Stress in Dairy Cattle and 
Buffaloes for Optimum Productivity.” Journal of Agrometeorology, no. SPECIAL ISSUE 
2: 365–68. 
Boas, Ingrid, Carol Farbotko, Helen Adams, Harald Sterly, Simon Bush, Kees van der Geest, 
Hanne Wiegel, et al. 2019. “Climate Migration Myths.” Nature Climate Change 9 (12): 
901–3. https://doi.org/10.1038/s41558-019-0633-3. 
Burney, Jennifer, Daniele Cesano, Jarrod Russell, Emilio Lèvre La Rovere, Thais Corral, 
Nereide Segala Coelho, and Laise Santos. 2014. “Climate Change Adaptation Strategies 
for Smallholder Farmers in the Brazilian Sertão.” Climatic Change 126 (1–2): 45–59. 
https://doi.org/10.1007/s10584-014-1186-0. 
Carvalho, G., S., and W. Beskow. 2017. “Mudanças Da Produção Leiteira Na Geografia 
Brasileira: O Avanço Do Sul.” Revista Agropecuária Catarinense 30 (2): 13–16. 
Cesano, Daniele, Analise Química, Colégio São José, Catarina Presidente, Cooperativa Ser, 
Jennifer Burney, Doutorado Ph D, Standford Universtiy, San Francisco, and Jarrod M 
Russell. 2013. “Mudanças Climáticas No Semiárido Da Bahia e Estratégias de Adaptação 
Da Coalizão Adapta Sertão Para a Agricultura Familiar.” Inclusão Social 6 (1). 
Cobb, Charles, and Paul Douglas. 1928. “A Theory of Production.” American Economic 
Association. https://doi.org/10.1515/humr.1998.11.2.161. 
Colston, Josh M., Tahmeed Ahmed, Cloupas Mahopo, Gagandeep Kang, Margaret Kosek, 
Francisco de Sousa Junior, Prakash Sunder Shrestha, Erling Svensen, Ali Turab, and 
Benjamin Zaitchik. 2018. “Evaluating Meteorological Data from Weather Stations, and 
  
 
89 
from Satellites and Global Models for a Multi-Site Epidemiological Study.” 
Environmental Research 165 (October 2017): 91–109. 
https://doi.org/10.1016/j.envres.2018.02.027. 
Cruz, Alice Aloísia da, and Carlos José Caetano Bacha. 2015. “Modernização Do Setor Leiteiro 
No Estado de Minas Gerais a Partir de 1990.” XLII Congresso Da Sociedade Brasileira 
de Economia Administração e Sociologia Rural - SOBER, 18. 
Cuadra, Santiago Vianna, Eduardo Assad, and Francislene Angelotti. 2018. “Mudanças 
Climáticas e a Agropecuária Brasileira,” no. June. 
Dell, Melissa, Benjamin F. Jones, and Benjamin A. Olken. 2014. “What Do We Learn from the 
Weather? The New Climate-Economy Literature.” Journal of Economic Literature. 
https://doi.org/10.1257/jel.52.3.740. 
Dikmen, S., and P. J. Hansen. 2009. “Is the Temperature-Humidity Index the Best Indicator of 
Heat Stress in Lactating Dairy Cows in a Subtropical Environment?” Journal of Dairy 
Science 92 (1): 109–16. https://doi.org/10.3168/jds.2008-1370. 
FGV. 2016. Intensificação Da Pecuária Brasileira: Seus Impactos No Desmatamento Evitado, 
Na Produção de Carne e Na Redução de Emissões de Gases de Efeito Estufa. 
http://mediadrawer.gvces.com.br/abc/original/sumario_pecuaria-site.pdf. 
Food and Agriculture Organization of the United Nations – FAO. 2018. “World Meat Market 
Overview 2017.” Meat Market Review, no. April: 1–11. 
http://www.fao.org/3/I9286EN/i9286en.pdf. 
Fora, Juiz De, Maria de Fatima Avila Pires, and Aloisio Torres de Campos. 2004. 
“Modificações Ambientais Para Reduzir o Estresse Calórico Em Gado de Leite,” 1–6. 
https://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/594946. 
Funk, Chris, Pete Peterson, Martin Landsfeld, Diego Pedreros, James Verdin, Shraddhanand 
Shukla, Gregory Husak, et al. 2015. “The Climate Hazards Infrared Precipitation with 
Stations - A New Environmental Record for Monitoring Extremes.” Scientific Data. 
https://doi.org/10.1038/sdata.2015.66. 
Gitz, Vincent;, Alexandre; Meybeck, Leslie; Lipper, Cassandra; Young, and Susan. Braatz. 
2016. Climate Change and Food Security: Risks and Responses. Food and Agriculture 
Organization of the United Nations. https://doi.org/10.1080/14767058.2017.1347921. 
Gori Maia, Alexandre, Daniele Cesano, Bruno Cesar Brito Miyamoto, Gabriela Santos Eusebio, 
and Patricia Andrade de Oliveira Silva. 2018. “Climate Change and Farm-Level 
Adaptation: The Brazilian Sertão.” International Journal of Climate Change Strategies 
and Management. https://doi.org/10.1108/IJCCSM-04-2017-0088. 
  
 
90 
Guis, Helene, Cyril Caminade, Carlos Calvete, Andrew P. Morse, Annelise Tran, and Matthew 
Baylis. 2012. “Modelling the Effects of Past and Future Climate on the Risk of Bluetongue 
Emergence in Europe.” Journal of the Royal Society Interface. 
https://doi.org/10.1098/rsif.2011.0255. 
IBGE. 2015. “Características Da Agricultura Familiar,” 21. 
http://biblioteca.ibge.gov.br/visualizacao/livros/liv63372_cap5.pdf. 
José Gomes, Ézio. 2009. “Dados Do Censo Agropecuário Confirmam Concentração Da 
Atividade Leiteira No Brasil.” Departamento de Estudos Sócio-Economicos Rurais 
(DESER) 2006. 
Kalaugher, Electra. 2015. “Adaptation of New Zealand Dairy Farms to Climate Change: An 
Integrated, Farm Level Analysis,” no. September. 
Kennya Beatriz Siqueira. 2019a. “Perfil Do Consumidor De Leite E Derivados No,” 17. 
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1110792/o-mercado-
consumidor-de-leite-e-derivados. 
———. 2019b. “Perfil Do Consumidor De Leite E Derivados No,” 17. 
Koenker, Roger. 2004. “Quantile Regression for Longitudinal Data.” Journal of Multivariate 
Analysis. https://doi.org/10.1016/j.jmva.2004.05.006. 
Koenker, Roger, and Roger Koenker. 2010. “Quantile Regression in R: A Vignette.” In 
Quantile Regression. https://doi.org/10.1017/cbo9780511754098.011. 
Lindsey, Rebecca, David Herring, Mark Abbott, Barbara Conboy, Wayne Esaias, Chris Justice, 
Michael King, Bob Murphy, and Vince Salomonson. 2011. “MODIS - Moderate-
Resolution Imaging Spectroradiometer.” In NASA EOS, MODIS Brochure. 
https://doi.org/10.1111/resp.12023. 
Lunde, Torleif Markussen, and Bernt Lindtjørn. 2013. “Cattle and Climate in Africa: How 
Climate Variability Has Influenced National Cattle Holdings from 1961-2008.” PeerJ. 
https://doi.org/10.7717/peerj.55. 
Marengo, José A. 2014. “O Futuro Clima Do Brasil.” Revista USP. 
https://doi.org/10.11606/issn.2316-9036.v0i103p25-32. 
Marengo, Jose a, and Maria C Valverde. 2007. “Caracterização Do Clima No Século XX e 
Cenário de Mudanças de Clima Para o Brasil No Século XXI Usando Os Modelos Do 
IPCC-AR4.” Revista Multiciência, 2007. 
Margulis, Sergio, and Carolina Dubeux. 2010. “ECONOMIA DA MUDANÇA DO CLIMA 
NO BRASIL.” Boletim Regional, Urbano e Ambiental. 
McLeman, Robert. 2019. “International Migration and Climate Adaptation in an Era of 
  
 
91 
Hardening Borders.” Nature Climate Change 9 (12): 911–18. 
https://doi.org/10.1038/s41558-019-0634-2. 
Mendelsohn, Robert, Pradeep Kurukulasuriya, Alan Basist, Felix Kogan, and Claude Williams. 
2007. “Climate Analysis with Satellite versus Weather Station Data.” Climatic Change 81 
(1): 71–83. https://doi.org/10.1007/s10584-006-9139-x. 
Ministério da Ciência, Tecnologia e Inovação. 2016. “Modelagem Climática e Vulnerabilidades 
Setoriais à Mudança Do Clima No Brasil.” Livro, no. November: 590. 
https://doi.org/10.3366/pah.2016.0180. 
Moran, P. A. P. 1950. “Notes on Continuous Stochastic Phenomena.” Biometrika. 
https://doi.org/10.2307/2332142. 
Novas, Novos Produtos E. n.d. “Edição Digital Em Embrapa.Br/Gado-de-Leite.” 
PBMC. 2013. Contribuição Do Grupo de Trabalho 1 Ao Primeiro Relatório de Avaliação 
Nacional Do Painel Brasileiro de Mudanças Climáticas. Sumário Executivo GT1. Painel 
Brasileiro De Mudanças Climáticas. 
Pinha, Lucas Campio, Marcelo José Braga, and Antônio Carvalho Campos. 2016. “Grau de 
Concorrência e Poder de Mercado Nas Exportações de Leite Em Pó Para o Brasil.” Revista 
de Economia e Sociologia Rural. https://doi.org/10.1590/1234-56781806-94790540301. 
Polsky, Liam, and Marina A.G. von Keyserlingk. 2017. “Invited Review: Effects of Heat Stress 
on Dairy Cattle Welfare.” Journal of Dairy Science 100 (11): 8645–57. 
https://doi.org/10.3168/jds.2017-12651. 
Rodrigues Carvalho, Glauco. 2010. “A Indústria de Laticínios No Brasil: Passado, Presente e 
Futuro.” Circular Técnica. 
Silva Maia, Guilherme Baptista, Arthur de Rezende Pinto, Cristiane Yaika Takota Marques, 
Fábio Brener Roitman, and Danielle Didier Lyra. 2018. “BNDES Produção Leiteira No 
Brasil.” Bnds. 
Silva, Thieres G F D A, Magna S B D E Moura, Ivan I S Sá, Sérgio Zolnier, H N Turco, Flávio 
Justino, José F A D O Carmo, Luciana S B D E Souza, and Serra Talhada. 2009. 
“IMPACTOS DAS MUDANÇAS CLIMÁTICAS NA PRODUÇÃO LEITEIRA DO 
ESTADO DE PERNAMBUCO : ANÁLISE PARA OS CENÁRIOS B2 E A2 DO IPCC 
Universidade Federal Rural de Pernambuco / Unidade Acadêmica de Serra Talhada ( 
UFRPE / UAST ), Empresa Brasileira de Pesquisa Agropec,” 489–501. 
Simões, André Felipe, Debora Cynamon Kligerman, Emilio Lèbre La Rovere, Maria Regina 
Maroun, Martha Barata, and Martin Obermaier. 2010. “Enhancing Adaptive Capacity to 
Climate Change: The Case of Smallholder Farmers in the Brazilian Semi-Arid Region.” 
  
 
92 
Environmental Science and Policy. https://doi.org/10.1016/j.envsci.2010.08.005. 
Sirohi, Smita, and Axel Michaelowa. 2007. “Sufferer and Cause: Indian Livestock and Climate 
Change.” Climatic Change. https://doi.org/10.1007/s10584-007-9241-8. 
Sirohi, Smita, S. K. Sirohi, and Poonam Pandey. 2010. “Adapting Smallholder Dairy 
Production System to Climate Change.” In Natural and Anthropogenic Disasters: 
Vulnerability, Preparedness and Mitigation. https://doi.org/10.1007/978-90-481-2498-
5_19. 
St-Pierre, N. R., B. Cobanov, and G. Schnitkey. 2003. “Economic Losses from Heat Stress by 
US Livestock Industries1.” Journal of Dairy Science 86 (SUPPL. 1): E52–77. 
https://doi.org/10.3168/jds.S0022-0302(03)74040-5. 
Vilela, Duarte, Eliseu Alves, João Cesar de Resende, and José Bellini Leite. 2017. “A Evolução 
Do Leite No Brasil Em Cinco Décadas.” Política Agrícola 1: 5–24. 
Vilela, Duarte, Reinaldo de Paula Ferreira, Elizabeth Nogueira Fernandes, and Fabricio Vieira 
Juntolli. 2016. “ A Pecuária de Leite No Brasil : Cenários e Avanços Tecnológicos .” 
Embrapa. Vol. 1. www.embrapa.br/fale-conosco/sac. 
Wan, Zhengming. 2014. “New Refinements and Validation of the Collection-6 MODIS Land-
Surface Temperature/Emissivity Product.” Remote Sensing of Environment 140: 36–45. 
https://doi.org/10.1016/j.rse.2013.08.027. 
West, J. W. 2003. “Effects of Heat-Stress on Production in Dairy Cattle.” Journal of Dairy 
Science. https://doi.org/10.3168/jds.S0022-0302(03)73803-X. 
Williamson, Scott N., David S. Hik, John A. Gamon, Jeffrey L. Kavanaugh, and Saewan Koh. 
2013. “Evaluating Cloud Contamination in Clear-Sky MODIS Terra Daytime Land 
Surface Temperatures Using Ground-Based Meteorology Station Observations.” Journal 
of Climate 26 (5): 1551–60. https://doi.org/10.1175/JCLI-D-12-00250.1. 
Zoccal, Rosangela. 2018. “Anuário Leite 2018.” EMBRAPA, 2018. 
https://doi.org/10.1016/j.jembe.2007.01.010. 
 
 
 
 
 
 
  
 
93 
Appendices 
 
A) Participation of each UF in Brazil milk production 
UF 1978 1988 1998 2008 2018 
Rondônia 0,05 0,53 1,99 2,62 3,43 
Acre 0,12 0,14 0,18 0,25 0,13 
Amazonas 0,12 0,24 0,19 0,15 0,13 
Roraima 0,07 0,09 0,05 0,02 0,04 
Pará 0,27 1,56 1,67 2,17 1,84 
Amapá 0,02 0,01 0,01 0,02 0,01 
Tocantins - - 0,75 0,81 1,20 
Maranhão 0,67 0,79 0,74 1,32 1,02 
Piauí 0,35 0,39 0,38 0,28 0,21 
Ceará 1,99 1,66 1,68 1,54 2,09 
Rio Grande do 
Norte 0,77 0,87 0,69 0,79 0,82 
Paraíba 1,33 1,05 0,46 0,70 0,66 
Pernambuco 2,41 2,13 1,53 2,63 2,78 
Alagoas 0,72 0,78 1,31 0,86 1,75 
Sergipe 0,77 0,55 0,63 0,94 1,00 
Bahia 5,36 4,98 3,65 3,45 2,63 
Minas Gerais 30,78 29,99 30,43 27,76 26,42 
Espírito Santo 2,82 2,09 1,82 1,52 1,23 
Rio de Janeiro 4,30 3,03 2,43 1,72 1,39 
São Paulo 16,15 14,37 10,60 5,76 4,85 
Paraná 8,25 8,32 8,69 10,25 12,93 
Santa Catarina 4,81 4,60 4,66 7,71 8,78 
Rio Grande do Sul 8,44 9,93 10,24 12,02 12,54 
Mato Grosso do Sul 1,42 2,58 2,28 1,80 0,91 
Mato Grosso 0,92 1,05 2,17 2,38 2,02 
Goiás 7,05 8,18 10,58 10,42 9,11 
Distrito Federal 0,05 0,09 0,18 0,11 0,09 
 
Source: Elaborated by the author with data from PPM IBGE 
 
 
 
 
 
 
 
  
 
94 
 
B) Number of farms that produced milk by UF (2006 – 2017) 
UF 2006 2017 % 
Brasil 1350809 1171190 -13,30 
Rondônia 35384 39373 11,27 
Acre 6451 6509 0,90 
Amazonas 2466 4792 94,32 
Roraima 817 2087 155,45 
Pará 27551 35379 28,41 
Amapá 48 155 222,92 
Tocantins 15231 22476 47,57 
Maranhão 16537 17161 3,77 
Piauí 30747 25366 -17,50 
Ceará 83213 73277 -11,94 
Rio Grande do 
Norte 24358 22116 -9,20 
Paraíba 47393 38588 -18,58 
Pernambuco 54039 32699 -39,49 
Alagoas 18386 14225 -22,63 
Sergipe 16562 17634 6,47 
Bahia 118800 108342 -8,80 
Minas Gerais 223073 216419 -2,98 
Espírito Santo 17829 17146 -3,83 
Rio de Janeiro 15032 16568 10,22 
São Paulo 54323 40940 -24,64 
Paraná 119810 87048 -27,34 
Santa Catarina 89043 71054 -20,20 
Rio Grande do Sul 204920 129877 -36,62 
Mato Grosso do 
Sul 24100 23875 -0,93 
Mato Grosso 33860 34816 2,82 
Goiás 69688 72348 3,82 
Distrito Federal 1148 920 -19,86 
 
Source: Elaborated by the author with data from Censo Agropecuário IBGE 
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C) Estimated marginal effects for log of yields (liters/cow) and for log of milk 
production (liters) as dependent variables and number of tractors in farms for 
each municipality as control variable 
 
Independent 
Variables 
Coeficients 
log(yields) 
Coeficients 
log(milkprod) 
log(milkedcows) - 1.0016e+00*** (1.0257e-02) 
tempmean -5.408e-02*** (6.3049e-03) 
- 5.4075e-02*** 
(6.3057e-03) 
precmean 
6.9385e-
03***     
(2.0261e-03) 
6.9331e-03***      
(2.0266e-03) 
tractor 
2.3173e-
04*** 
(3.0136e-05) 
2.3139e-04*** 
(3.0222e-05) 
 
Source: Elaborated by the author with data from IBGE Censo Agropecuário, CHIRPS Daily 
Version 2.0,  MOD11A1 Version 6. 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
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D) Marginal effects of quantile regression for log of milk production as dependent 
variable and number of tractors in farms for each municipality as control variable 
 
Independent 
Variables 0.1 0.25 0.5 0.75 0.9 
intercept 6.38104*** (0.110) 
6.85020*** 
(0.074) 
7.23305*** 
(0.087) 
7.51336*** 
(0.111) 
7.87667*** 
(0.118) 
log(milkedcows)  
1.15898*** 
(0.007) 
1.13604*** 
(0,004) 
1.10763*** 
(0.005) 
1.09009*** 
(0.005) 
1.06364*** 
(0.006) 
tempmean 
(celsius) 
-0.05173*** 
(0.003) 
-0.0544*** 
(0,002) 
-
0.05096*** 
(0,002) 
-
0.04627*** 
(0.003) 
-
0.04300*** 
(0.003) 
precmean 
(decimeters) 
0.00698***      
(0,002) 
0.00716*** 
(0,002) 
0.00586** 
(0,001) 
0.00258 
(0.002) 
-0.00046          
(0.002) 
tractors 0.00004 (0.000) 
0.00007* 
(0.000) 
0.00013*** 
(0.000) 
0.00016*** 
(0.000) 
0.00019*** 
(0,000) 
factor(year) 0.24039*** (0.017) 
0.32925*** 
(0.010) 
0.37961*** 
(0.009) 
0.42158*** 
(0.009) 
0.45140*** 
(0.011) 
Source: Elaborated by the author with data from IBGE Censo Agropecuário, CHIRPS Daily 
Version 2.0,  MOD11A1 Version 6. 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
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E) Estimated marginal effects for log of yields (liters/cow) and for log of milk 
production (liters) as dependent variables and mean temperature, total 
precipitation and control variables as independent variables.  
 
 
Independent Variables Coeficients  log(milk production) Coeficients log(yields) 
log(milked cows) 
0,976*** 
(0,012) 
  
- 
Mean  temperature (celsius) 
-0,040*** 
(0,007) 
  
-0,040*** 
(0,007)  
Total  precipitation 
(millimiters) 
-0,004 
(0,003)  
-0,004 
(0,003)  
Farms with at least 100 ha 
-0,412* 
(0,178) 
  
-0,418* 
(0,178)  
Secondary education 0,241* (0,119)  
0,234+ 
(0,119)  
Farmers with 45 years and 
older 
-0,126 
(0,125)  
-0,121 
(0,125)  
Technical orientation -0,044 (0,051)  
-0,041 
(0,051)  
Pasture degraded area 
-0,155** 
(0,058) 
  
-0,146* 
(0,058)  
Tractors 1,389*** (0,115)  
1,374*** 
(0,115)  
 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
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F) Estimated marginal effects for log of yields (liters/cow) and for log of milk 
production (liters) as dependent variables and mean temperature, standard 
deviation of temperature, total precipitation, standard deviation of precipitation 
and control variables as independent variables.  
 
Independent Variables Coeficients  log(milk production) Coeficients log(yields) 
log(milked cows) 0,976*** (0,012)  
- 
Mean  temperature 
(celsius) 
-0,046*** 
(0,007)  
-0,046*** 
(0,007)  
Total  precipitation 
(millimiters) 
0,000 
(0,004)  
0,001 
(0,004)  
Temperature standard 
deviation 
0,055*** 
(0,013)  
0,055*** 
(0,013)  
Precipitation standard 
deviation 
0,001 
(0,006)  
0,000 
(0,006)  
Farms with at least 100 
ha 
-0,288 
(0,180)  
-0,294 
(0,180)  
Secondary education 0,182 (0,120)  
0,175 
(0,120)  
Farmers with 45 years 
and older 
-0,049 
(0,127)  
-0,045 
(0,127)  
Technical orientation -0,030 (0,051)  
-0,028 
(0,051)  
Pasture degraded area -0,099+ (0,060)  
-0,090+ 
(0,059)  
Tractors 1,325*** (0,116)  
1,309*** 
(0,116)  
 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
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G) Estimated marginal effects for log of yields (liters/cow) and for log of milk 
production (liters) as dependent variables, considering as independent variables 
extreme values of precipitation and temperature and control variables. 
 
Independent Variables Coeficients log(milk production) Coeficients log(yields) 
log(milked cows) 
0,9775*** 
(0,012) 
  
- 
Up extreme 
precipitation 
0,0003 
(0,001)  
0,0001 
(0,001)  
Down extreme 
precipitation 
-0,0003 
(0,001)  
-0,0001 
(0,001)  
Up extreme 
temperature 
-0,0060 
(0,004)  
-0,0061 
(0,004)  
Down extreme 
temperature 
-0,0314*** 
(0,005)  
-0,0315*** 
(0,005)  
Farms with at least 100 
ha 
-0,3255+ 
(0,181)  
-0,3310+ 
(0,181)  
Secondary education 0,2051+ (0,120)  
0,1991+ 
(0,120)  
Farmers with 45 years 
and older 
-0,0859 
(0,127)  
-0,0821 
(0,127)  
Technical orientation -0,0408 (0,052)  
-0,0386 
(0,052)  
Pasture degraded area -0,1316+ (0,059)  
-0,1219+ 
(0,059)  
Tractors 1,3399*** (0,116)  
1,3248*** 
(0,116)  
 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
 
 
 
 
  
 
100 
H) Estimated marginal effects for log of yields (liters/cow) and for log of milk 
production (liters) as dependent variables, considering as independent variables 
summer and winter total precipitation and mean temperature, including also 
control variables 
 
Independent Variables Coeficients  log(milk production) Coeficients log(yields) 
log(milked cows) 0,9701*** (0,011)  
- 
Total summer 
precipitation 
(millimiters) 
-0,0002*** 
(0,000)  
-0,0002*** 
(0,000)  
Total winter 
precipitation 
(millimiters) 
-0,0013*** 
(0,000)  
-0,0012*** 
(0,000)  
Mean summer 
temperature (celsius) 
-0,0164** 
(0,005)  
-0,0153** 
(0,005)  
Mean winter temperature 
(celsius) 
-0,0396*** 
(0,005)  
-0,0401*** 
(0,005)  
Farms with at least 100 
ha 
-0,2276 
(0,177)  
-0,2442 
(0,177)  
Secondary education 0,1377 (0,116)  
0,1289 
(0,116)  
Farmers with 45 years 
and older 
-0,1781 
(0,125)  
-0,1786 
(0,125)  
Technical orientation -0,0604 (0,051)  
-0,0580 
(0,051)  
Pasture degraded area -0,1462** (0,056)  
-0,1372* 
(0,056)  
Tractors 1,1711*** (0,109)  
1,1701*** 
(0,109)  
 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
 
 
  
 
101 
I) Estimated marginal effects for log of yields (liters/cow) and for log of milk 
production (liters) as dependent variables, considering as independent variables 
summer and winter total precipitation, mean temperature, their standard 
deviations and control variables 
 
Independent Variables Coeficients  log(milk production) Coeficients log(yields) 
log(milked cows) 
0,9673*** 
(0,011) 
  
- 
Total summer 
precipitation 
(millimiters) 
-0,0004*** 
(0,000)  
-0,0004*** 
(0,000)  
Summer precipitation 
standard deviation 
0,0193*** 
(0,004)  
0,0189*** 
(0,004)  
Total winter precipitation 
(millimiters) 
-0,0013*** 
(0,000)  
-0,0013*** 
(0,000)  
Winter precipitation 
standard deviation 
0,0090* 
(0,004)  
0,0086* 
(0,004)  
Mean summer 
temperature (celsius) 
-0,0047 
(0,005)  
-0,0037 
(0,005)  
Summer temperature 
standard deviation 
-0,0304** 
(0,010)  
-0,0297** 
(0,010)  
Mean winter temperature 
(celsius) 
-0,0438*** 
(0,006)  
-0,0444*** 
(0,006)  
Winter temperature 
standard deviation 
0,0647*** 
(0,010)  
0,0646*** 
(0,010)  
Farms with at least 100 
ha 
-0,0889 
(0,177)  
-0,1076 
(0,177)  
Secondary education 0,1162 (0,116)  
0,1056 
(0,116)  
Farmers with 45 years 
and older 
-0,1260 
(0,124)  
-0,1267 
(0,124)  
Technical orientation -0,0405 (0,050)  
-0,0380 
(0,050)  
Pasture degraded area -0,1040+ (0,057)  
-0,0940+ 
(0,057)  
Tractors 0,9707*** (0,111)  
0,9725*** 
(0,111)  
 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
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J) Quantile regression model for Amazon 
 
Independent 
Variables 0.1 0.25 0.5 0.75 0.9 
intercept 5,312*** (0,615)  
5,329*** 
(0,381)  
6,081*** 
(0,377)  
6,356*** 
(0,367)  
6,371*** 
(0,388)  
log(milked cows) 1,153*** (0,015)  
1,128*** 
(0,013)  
1,090*** 
(0,010)  
1,054*** 
(0,008)  
1,033*** 
(0,009)  
Total summer 
precipitation 
(millimiters) 
0,000 
(0,000)  
0,000 
(0,000)  
0,000+ 
(0,000)  
0,000* 
(0,000)  
0,000 
(0,000)  
Summer precipitation 
standard deviation 
0,000 
(0,014)  
-0,007 
(0,010)  
-0,017* 
(0,008)  
-0,017+ 
(0,010)  
-0,002 
(0,011)  
Total winter 
precipitation 
(millimiters) 
0,001 
(0,000)  
0,000 
(0,000)  
0,000 
(0,000)  
0,000 
(0,000)  
0,000 
(0,000)  
Winter precipitation 
standard deviation 
-0,018 
(0,028)  
0,017 
(0,019)  
0,016 
(0,016)  
0,028+ 
(0,015)  
0,009 
(0,023)  
Mean summer 
temperature (celsius) 
-0,034 
(0,034)  
-0,012 
(0,016)  
-0,016 
(0,013)  
-0,009 
(0,016)  
0,003 
(0,020)  
Summer temperature 
standard deviation 
-0,119** 
(0,040)  
-0,050+ 
(0,029)  
-0,025 
(0,021)  
-0,024 
(0,021)  
0,007 
(0,023)  
Mean winter 
temperature (celsius) 
0,046** 
(0,017)  
0,032* 
(0,011)  
0,024* 
(0,010)  
0,016 
(0,010)  
0,008 
(0,013)  
Winter temperature 
standard deviation 
0,104+ 
(0,062)  
0,049 
(0,041)  
0,011 
(0,030)  
0,063+ 
(0,032)  
0,060+ 
(0,034)  
Farms with at least 
100 ha 
-0,947*** 
(0,246)  
-0,620* 
(0,195)  
-0,522*** 
(0,157)  
-0,401** 
(0,141)  
-0,287* 
(0,145)  
Secondary education -0,303 (0,465)  
0,099 
(0,406)  
0,148 
(0,307)  
0,109 
(0,203)  
0,195 
(0,262)  
Farmers with 45 
years and older 
-0,827** 
(0,286)  
-0,833*** 
(0,250)  
-0,813*** 
(0,223)  
-0,646*** 
(0,189)  
-0,585** 
(0,185)  
Technical orientation -0,280 (0,221)  
-0,016 
(0,116)  
0,162 
(0,102)  
0,113 
(0,080)  
-0,020 
(0,084)  
Pasture degraded 
area 
-0,752* 
(0,331)  
-0,281 
(0,244)  
0,021 
(0,195)  
-0,164 
(0,134)  
-0,162 
(0,168)  
Tractors 2,175*** (0,363)  
1,566*** 
(0,361)  
1,248*** 
(0,210)  
1,054*** 
(0,226)  
1,042*** 
(0,242)  
Factor(year) -0,272** (0,091)  
-0,142* 
(0,067)  
-0,007 
(0,061)  
0,069 
(0,048)  
0,061 
(0,044)  
 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
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K) Quantile regression model for Cerrado 
 
Independent 
Variables 0.1 0.25 0.5 0.75 0.9 
intercept 4,954*** (0,471)  
5,932*** 
(0,360)  
6,844*** 
(0,285)  
7,478*** 
(0,361)  
7,999*** 
(0,421)  
log(milked cows) 1,210*** (0,016)  
1,194*** 
(0,010)  
1,167*** 
(0,012)  
1,142*** 
(0,010)  
1,121*** 
(0,012)  
Total summer 
precipitation 
(millimiters) 
0,000 
(0,000)  
0,000* 
(0,000)  
0,000 
(0,000)  
0,000 
(0,000)  
0,000 
(0,000)  
Summer 
precipitation 
standard deviation 
0,008 
(0,014)  
0,002 
(0,012)  
-0,006 
(0,012)  
-0,003 
(0,011)  
-0,017 
(0,017)  
Total winter 
precipitation 
(millimiters) 
-0,005*** 
(0,001)  
-0,004*** 
(0,001)  
-0,004*** 
(0,001)  
-0,003*** 
(0,001)  
-0,002+ 
(0,001)  
Winter precipitation 
standard deviation 
0,128*** 
(0,027)  
0,077*** 
(0,022)  
0,073*** 
(0,020)  
0,081*** 
(0,021)  
0,072** 
(0,026)  
Mean summer 
temperature 
(celsius) 
0,028 
(0,018)  
0,017 
(0,013)  
0,009 
(0,012)  
-0,001 
(0,013)  
0,003 
(0,017)  
Summer 
temperature 
standard deviation 
-0,023 
(0,035)  
-0,031 
(0,023)  
-0,025 
(0,023)  
-0,006 
(0,021)  
-0,009 
(0,029)  
Mean winter 
temperature 
(celsius) 
-0,043*** 
(0,009)  
-0,049*** 
(0,007)  
-0,051*** 
(0,008)  
-0,053*** 
(0,008)  
-0,059*** 
(0,009)  
Winter temperature 
standard deviation 
0,026 
(0,038)  
0,011 
(0,026)  
-0,010 
(0,025)  
0,020 
(0,030)  
0,041 
(0,037)  
Farms with at least 
100 ha 
-0,504*** 
(0,109)  
-0,573*** 
(0,085)  
-0,684*** 
(0,096)  
-0,577*** 
(0,109)  
-0,470** 
(0,147)  
Secondary 
education 
1,135*** 
(0,183)  
0,870*** 
(0,152)  
0,934*** 
(0,164)  
0,611*** 
(0,148)  
0,481* 
(0,230)  
Farmers with 45 
years and older 
-0,389 
(0,240)  
-0,371+ 
(0,178)  
-0,280 
(0,211)  
-0,344+ 
(0,202)  
-0,482* 
(0,221)  
Technical 
orientation 
0,472*** 
(0,089)  
0,580*** 
(0,075)  
0,498*** 
(0,082)  
0,431*** 
(0,069)  
0,390*** 
(0,116)  
Pasture degraded 
area 
-0,067 
(0,269)  
-0,205 
(0,185)  
0,035 
(0,192)  
0,000 
(0,127)  
-0,123 
(0,165)  
Tractors 0,324+ (0,168)  
0,327* 
(0,131)  
0,386** 
(0,129)  
0,495*** 
(0,130)  
0,474* 
(0,195)  
Factor(year) -0,027 (0,061)  
0,121*** 
(0,039)  
0,166*** 
(0,044)  
0,231*** 
(0,048)  
0,282*** 
(0,057)  
 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
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L) Quantile regression model for Caatinga 
 
Independent Variables 0.1 0.25 0.5 0.75 0.9 
intercept 6,450*** (0,476)  
6,431*** 
(0,389)  
6,607*** 
(0,372)  
6,925*** 
(0,410)  
7,082*** 
(0,483)  
log(milked cows) 1,170*** (0,019)  
1,169*** 
(0,014)  
1,145*** 
(0,012)  
1,136*** 
(0,014)  
1,095*** 
(0,013)  
Total summer 
precipitation 
(millimiters) 
0,000 
(0,000)  
0,000 
(0,000)  
0,000 
(0,000)  
0,000+ 
(0,000)  
0,000 
(0,000)  
Summer precipitation 
standard deviation 
0,011 
(0,014)  
0,022+ 
(0,012)  
0,018+ 
(0,011)  
0,008 
(0,012)  
0,003 
(0,016)  
Total winter 
precipitation 
(millimiters) 
0,000 
(0,001)  
0,000 
(0,000)  
0,001 
(0,000)  
0,001 
(0,001)  
0,001 
(0,001)  
Winter precipitation 
standard deviation 
0,029* 
(0,014)  
0,024** 
(0,008)  
0,023+ 
(0,012)  
0,007 
(0,014)  
0,002 
(0,018)  
Mean summer 
temperature (celsius) 
0,052*** 
(0,010)  
0,051*** 
(0,006)  
0,048*** 
(0,005)  
0,047*** 
(0,006)  
0,052*** 
(0,011)  
Summer temperature 
standard deviation 
0,063** 
(0,021)  
0,036* 
(0,018)  
0,034* 
(0,015)  
0,007 
(0,017)  
-0,003 
(0,024)  
Mean winter 
temperature (celsius) 
-
0,067*** 
(0,009)  
-
0,054*** 
(0,006)  
-
0,047*** 
(0,006)  
-
0,046*** 
(0,007)  
-
0,039*** 
(0,009)  
Winter temperature 
standard deviation 
0,062* 
(0,030)  
0,037+ 
(0,020)  
0,057** 
(0,020)  
0,065** 
(0,025)  
0,043 
(0,029)  
Farms with at least 100 
ha 
0,607 
(0,594)  
0,510 
(0,499)  
0,409 
(0,422)  
0,597 
(0,541)  
-0,663 
(0,869)  
Secondary education 1,982*** (0,357)  
2,010*** 
(0,347)  
1,898*** 
(0,317)  
2,304*** 
(0,442)  
2,677*** 
(0,601)  
Farmers with 45 years 
and older 
-0,297 
(0,223)  
-0,304 
(0,218)  
-0,315 
(0,197)  
-0,174 
(0,236)  
0,250 
(0,303)  
Technical orientation 0,492*** (0,147)  
0,494*** 
(0,110)  
0,421*** 
(0,103)  
0,493*** 
(0,140)  
0,392*** 
(0,146)  
Pasture degraded area -0,222 (0,198)  
-0,114 
(0,106)  
-0,136 
(0,086)  
-0,177 
(0,135)  
-0,121 
(0,102)  
Tractors 0,148 (0,753)  
0,846 
(0,657)  
1,350*** 
(0,443)  
0,298 
(0,502)  
0,348 
(1,324) 
Factor(year) -0,139* (0,061)  
-0,036 
(0,043)  
0,032 
(0,045)  
0,088 
(0,054)  
0,137+ 
(0,076)  
 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
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M) Quantile regression model for Mata Atlântica 
Independent 
Variables 0.1 0.25 0.5 0.75 0.9 
intercept 5,076*** (0,179)  
5,823*** 
(0,155)  
6,348*** 
(0,134)  
6,923*** 
(0,127)  
7,453*** 
(0,167)  
log(milked cows) 1,195*** (0,007)  
1,160*** 
(0,008)  
1,123*** 
(0,008)  
1,090*** 
(0,007)  
1,055*** 
(0,010)  
Total summer 
precipitation 
(millimiters) 
0,000*** 
(0,000)  
0,000*** 
(0,000)  
0,000*** 
(0,000)  
0,000*** 
(0,000)  
0,000** 
(0,000)  
Summer 
precipitation 
standard deviation 
0,000** 
(0,007)  
-0,005** 
(0,005)  
-0,004** 
(0,005)  
-0,001** 
(0,005)  
0,002** 
(0,007)  
Total winter 
precipitation 
(millimiters) 
0,000** 
(0,000)  
0,000** 
(0,000)  
0,000** 
(0,000)  
0,000** 
(0,000)  
0,000*** 
(0,000)  
Winter 
precipitation 
standard deviation 
0,030*** 
(0,007)  
0,020*** 
(0,006)  
0,023*** 
(0,004)  
0,024*** 
(0,005)  
0,011*** 
(0,006)  
Mean summer 
temperature 
(celsius) 
0,033*** 
(0,008)  
0,024*** 
(0,005)  
0,015*** 
(0,004)  
0,007** 
(0,005)  
-0,003** 
(0,006)  
Summer 
temperature 
standard deviation 
-0,050*** 
(0,018)  
-0,034*** 
(0,013)  
-0,021*** 
(0,012)  
-0,022*** 
(0,012)  
-0,017** 
(0,019)  
Mean winter 
temperature 
(celsius) 
-0,034*** 
(0,007)  
-0,032*** 
(0,004)  
-0,029*** 
(0,004)  
-0,024*** 
(0,004)  
-0,017*** 
(0,005)  
Winter temperature 
standard deviation 
0,102*** 
(0,013)  
0,089*** 
(0,013)  
0,089*** 
(0,012)  
0,081*** 
(0,013)  
0,071*** 
(0,013)  
Farms with at least 
100 ha 
-0,714*** 
(0,122)  
-0,738*** 
(0,106)  
-0,824*** 
(0,106)  
-0,922*** 
(0,126)  
-0,868*** 
(0,213)  
Secondary 
education 
0,262*** 
(0,096)  
0,157** 
(0,095)  
0,234*** 
(0,089)  
0,322*** 
(0,087)  
0,475*** 
(0,134)  
Farmers with 45 
years and older 
-0,480*** 
(0,118)  
-0,692*** 
(0,108)  
-0,546*** 
(0,107)  
-0,469*** 
(0,096)  
-0,420*** 
(0,120)  
Technical 
orientation 
0,438*** 
(0,060)  
0,424*** 
(0,045)  
0,356*** 
(0,044)  
0,315*** 
(0,045)  
0,276*** 
(0,057)  
Pasture degraded 
area 
-0,407*** 
(0,139)  
-0,393*** 
(0,107)  
-0,351*** 
(0,101)  
-0,254*** 
(0,075)  
-0,153** 
(0,142)  
Tractors 0,415*** (0,055)  
0,410*** 
(0,052)  
0,412*** 
(0,053)  
0,474*** 
(0,062)  
0,516*** 
(0,081)  
Factor(year) 0,221*** (0,024)  
0,263*** 
(0,024)  
0,278*** 
(0,021)  
0,291*** 
(0,018)  
0,312*** 
(0,027)  
 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
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N) Quantile regression model for Pampa 
Independent 
Variables 0.1 0.25 0.5 0.75 0.9 
intercept 5,101 (19,810)  
5,280 
(19,877)  
7,765 
(19,716)  
6,752 
(19,965)  
7,137 
(19,992)  
log(milked cows) 1,233*** (0,053)  
1,223*** 
(0,040)  
1,201*** 
(0,042)  
1,164*** 
(0,043)  
1,118*** 
(0,047)  
Total summer 
precipitation 
(millimiters) 
0,004* 
(0,002)  
0,002 
(0,001)  
0,002 
(0,002)  
0,001 
(0,001)  
0,000 
(0,001)  
Summer 
precipitation 
standard deviation 
-0,044 
(0,047)  
0,001 
(0,043)  
-0,020 
(0,045)  
-0,019 
(0,051)  
0,006 
(0,045)  
Total winter 
precipitation 
(millimiters) 
-0,003 
(0,002)  
-0,002 
(0,002)  
-0,004+ 
(0,002)  
-0,003 
(0,002)  
-0,002 
(0,002)  
Winter precipitation 
standard deviation 
0,093 
(0,088)  
0,082 
(0,082)  
0,120 
(0,078)  
0,067 
(0,082)  
0,103 
(0,074)  
Mean summer 
temperature 
(celsius) 
0,012 
(0,062)  
-0,031 
(0,045)  
-0,047 
(0,046)  
-0,016 
(0,048)  
0,018 
(0,041)  
Summer temperature 
standard deviation 
0,067 
(0,116)  
0,095 
(0,115)  
0,167 
(0,117)  
0,161 
(0,106)  
0,153 
(0,095)  
Mean winter 
temperature 
(celsius) 
0,000 
(0,043)  
0,069 
(0,047)  
0,007 
(0,055)  
0,043 
(0,059)  
0,026 
(0,051)  
Winter temperature 
standard deviation 
-0,056 
(0,145)  
-0,043 
(0,137)  
-0,035 
(0,159)  
-0,094 
(0,183)  
-0,303* 
(0,144)  
Farms with at least 
100 ha 
-1,250* 
(0,621)  
-0,672 
(0,508)  
-0,954 
(0,593)  
-0,477 
(0,730)  
-0,533 
(0,600)  
Secondary education 2,939*** (0,719)  
2,429*** 
(0,634)  
1,781* 
(0,750)  
2,227* 
(0,897)  
2,085* 
(0,764)  
Farmers with 45 
years and older 
0,879 
(0,806)  
0,056 
(0,720)  
-0,650 
(0,946)  
0,343 
(0,998)  
0,105 
(0,782)  
Technical 
orientation 
0,599+ 
(0,302)  
0,763* 
(0,329)  
0,997* 
(0,389)  
0,281 
(0,314)  
0,436 
(0,274)  
Pasture degraded 
area 
1,223 
(2,208)  
2,673 
(2,250)  
3,011 
(1,996)  
0,840 
(1,425)  
0,016 
(1,426)  
Tractors -0,278 (0,412)  
-0,391 
(0,453)  
-0,483 
(0,474)  
0,449 
(0,418)  
0,476 
(0,367)  
Factor(year) -0,621+ (0,334)  
-0,426 
(0,289)  
-0,203 
(0,297)  
0,029 
(0,218)  
0,150 
(0,165)  
 
Label: *** Significant at 0.1%; ** Significant at 1%; * Significant at 5%, +Significant at 10%. 
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O) Moran’s I index and LISA cluster maps for milk yields (liters/cow) in 2006 and 2017 
 
 
 
Source: Elaborated by the author with GeoDa Software and data from Agricultural Census 
IBGE  
*The results on the left are referent to 2006 and on the right to 2017. 
 
 
 
Source: Elaborated by the author with GeoDa Software and data from Agricultural Census 
IBGE  
*The results on the left are referent to 2006 and on the right to 2017. 
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P) Moran’s I index and LISA cluster maps for milk production in 2006 and 2017 
 
 
 
 
Source: Elaborated by the author with GeoDa Software and data from Agricultural Census 
IBGE  
*The results on the left are referent to 2006 and on the right to 2017. 
 
 
 
 
 
 
Source: Elaborated by the author with GeoDa Software and data from Agricultural Census 
IBGE  
*The results on the left are referent to 2006 and on the right to 2017. 
 
